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xvii showed much greater variability than wild types, he rejected the contemporary view 
that the reproductive system alone produces such variation: 
'Some authors believe it to be as much the function of the reproductive 
system to produce individual differences, or very slight deviations of 
structure, as to make the child like its parents. But the much greater 
variability, as well as the greater frequency of monstrosities, under 
domestication or cultivation, than under nature, leads me to believe that 
deviations of structure are in some way due to the nature of the 
conditions of life, to which the parents and their more remote ancestors 
have been exposed during several generations.'14 
He also identified the reproductive system of the parents as the most likely arena for 
environmental conditions to impact on offspring variability: 
'1 have remarked ... that the reproductive system is eminently 
susceptible to changes in the conditions of life; and to this system being 
functionally disturbed in the parents, I chiefly attribute the varying or 
plastic condition of the offspring.'14 
Darwin felt that the window for such environmental interference in reproduction was 
likely to be pre-conceptual and, indeed, evidence for pre-conceptual environmental 
influences on offspring development has since emerged with, for example, a study of 
mothers who experienced a severe famine in Holland during the Second World War.1S 
4 'Lamarck was the first man whose conclusions on the subject excited 
much attention. This justly-celebrated naturalist first published his 
views in 1801 ... He first did the eminent service of arousing attention to 
the probability of all change in the organic, as well as in the inorganic 
world, being the result of law, and not of miraculous interposition ... 
With respect to the means of modification, he attributed something to 
the direct action of the physical conditions of life, something to the 
crossing of already existing forms, and much to use and disuse, that is, to 
the effects of habit.' 
Although the archetype of Lamarckian evolution was refuted by the work of Darwin 
and Gregor Mendel,26 it is now clear that elements of Lamarck's thinking have been 
unfairly dismissed. Indeed, there are a number of mechanisms by which acquired traits 
may be inherited. Not only are there epigenetic modes of inheritance, as already 
discussed, but also entirely non-genomic mechanisms of inheritance where the 
development of the offspring is influenced by placental and maternal physiological 
conditions with permanent effects on the physiology and behaviour of the offspring 
that may continue to have effect over subsequent generations. Furthermore, it is now 
clear that the window of sensitivity to these mechanisms varies, is not limited to a pre-
conceptual time period and may include any part of prenatal life or early childhood. 
This phenomenon is frequently referred to as developmental programming. 
6 The clearest evidence that non-genomic maternal characteristics and uterine 
environment can predetermine adult characteristics of the offspring comes from 
animal experiments
19,27-JO where, in contrast to experiments in humans, genetic 
homogeneity can be assured, reducing the confounding influence of genetic variability. 
These studies show that significant modifications in the offspring's size at birth, 
metabolic and cardiovascular function, and behaviour, which have lasting effects on the 
offspring into adulthood, can be induced by manipulation of the maternal 
environment. Where more than one generation of offspring was studied, it has been 
shown that altering maternal nutrition or exercise prenatally, and postnatal nutritional 
or handling interventions have significant effects on birth weight,16,31 glucose tolerance
20 
and function of the hypothalamic-pituitary-adrenal axis (HPAA)32 in subsequent 
generations. Thus, the secular trends for increasing birth weight observed in several 
populations worldwide3 3-35 or inter-generational effects of low birth weight or raised 
blood pressure, may be partially explained by non-genomic intergenerational 
inheritance mediated by these mechanisms.10
,36 
Not all changes in the offspring induced by the environment may be adaptive, allowing 
the offspring to increase their likelihood of survivaL Indeed, changes in the offspring 
may simply result from environmental constraint where alternative developmental 
pathways are unavailable to the fetus_ However, phenomena such as brain-sparing,37 the 
process whereby a fetus diverts supply of nutrients and oxygen away from less 
important organs such as the liver, in favour of brain growth during times of impaired 
oxygen or nutrient supply from the mother, suggest that fetal development seeks the 
best trade-off for survival in response to adverse conditions_ This concept is elaborated 
in the Thrifty Phenotype hypothesis
38 which focuses on the development of insulin 
resistance and type 2 diabetes. It  proposes that an impoverished nutrient environment 
7 in the womb provokes the developing baby to become thrifty, increasing blood sugars 
to promote brain growth at the expense of glycogen storage in the muscles and muscle 
growth. This phenotype persists into adulthood, increasing the likelihood of insulin 
resistance and type 2 diabetes, particularly in the context of later adiposity. Support for 
this theory comes from maternal nutrient restriction studies where altered insulin 
homeostasis is seen in the offspring.
38The observations that maternal overnutrition also 
leads to altered metabolic function in the adult offspring and that the postnatal 
nutrient environment is important in determining the extent of prenatal nutrient 
influence on the adult offspring, has led to an extension of the Thrifty Phenotype 
hypothesis. The Predictive Adaptive Response hypothesis proposes that the 
developmental choices made by the fetus in response to environmental influences are 
purposeful and designed to better adapt the fetus to the environment they are likely to 
encounter in postnatal life.  12 This hypothesis assumes that until our recent evolutionary 
past, most pregnant mothers would experience an environment and nutrition that was 
likely to continue during their offspring's lifetimes, making a mismatch between fetal 
predictive adaptive responses and later reality unlikely. Modern living has created 
many more opportunities for such a mismatch to occur and it is proposed that the 
consequence of these developmental false predictions is the development of adult 
diseases such as cardiovascular disease or type 2 diabetes mellitus and precursors to 
these diseases such as dyslipidaemia, impaired glucose tolerance, or vascular 
endothelial dysfunction. 
8 as birth weight to indicate impaired fetal growth. On occasion, this has led to 
misunderstanding their results to represent a causal role of small size at birth itself in 
the development of adult diseases. However, as studies of twins,S9-6Z siblings,63,64 first 
cousins,65 and intergenerational pairs of first births
66 suggest that the heritable 
component of birth weight is small, it is felt generally to be an imperfect but useful 
reflection of adverse intrauterine influences to which fetal growth is highly sensitive.
67 
Indeed, whilst variations in genotype are unlikely to explain large variations in size at 
birth on a population level, it is not entirely clear what the major determinants of size 
at birth are or at which stages during fetal life they have their greatest impact. 
Therefore, whilst most studies in humans have had to rely, perhaps necessarily, upon 
birth weight and other markers of size at birth as predictors of later disease processes 
in the offspring, animal studies have been more directed at the factors which possibly 
underlie both the alterations in size at birth and the programming of later disease, such 
as maternal nutrition.
19,68,69These studies suggest that effects on outcome measures such 
as postnatal blood pressure, arterial endothelial function, glucose tolerance and HPAA 
responsivity of prenatal manipulations such as maternal nutrient restriction may be 
demonstrated in the absence of alterations in offspring birth weight. This has led to 
questions about the role of birth weight in the developmental origins of later disease. 
Such studies make it clear that birth weight need not be affected for programming to 
occur but where birth weight is altered, it is unclear whether this is a coincidental and 
unreliable effect of underlying processes which also set about the development of later 
disease by growth-independent pathways or whether the degree to which size at birth 
is altered is a more direct indicator of a global programming phenomenon. 
13 Interestingly, a recent study of sheep was carried out to address the hypothesis that a 
reduction of size at birth was not on the causal pathway between maternal 
malnutrition and adult disease.
7o The pregnant ewes in this study were severely 
undernourished for 10 or 20 days in late gestation and compared to a group of 
normally fed ewes. To the authors' surprise, maternal nutrition in late gestation was not 
a significant determinant of blood pressure, glucose tolerance or insulin-like growth 
factor 1 (IGF-1) response to growth hormone challenge in the offspring once their 
birth weight and current weight were taken into account. However, a reduced birth 
weight did predict raised blood pressure, reduced glucose tolerance and raised IGF-1 
levels. They postulate that the timing of their nutritional insult was a key determinant 
of this result as most of the studies of nutritional programming relate to interventions 
in early gestation or at the time of conception. However, they also suggested the 
possibility that size at birth may reflect the underlying programming process more 
closely than the level of maternal nutrition. Indeed, fetal nutrition need not be strongly 
related to maternal nutrition at all given the potential modulating effects of the 
maternal metabolic and endocrine milieu, placental transport capacity or uterine blood 
flow. This raises the possibilities that birth weight remained a better indicator of the 
severity of fetal undernutrition than maternal nutrition was or perhaps that other 
processes which were unrelated to nutrition were responsible for both the reduction in 
birth weight and the programming phenomena in the offspring. Where does this leave 
studies of programming in humans? Whilst it is likely that specific factors such as 
maternal nutrition have a specific programming effect which should be studied, I 
would suggest that measures of size at birth remain useful as 'catch-all' non-specific 
epiphenomena of a range of underlying processes. Therefore, until the individual 
effects of all these processes are catalogued and understood, measures of size at birth 
14 such as birth weight should continue to be examined even if only as an adjunct to more 
directed measures of, for example, maternal health or diet. 
Whilst birth weight has been useful as a non-specific, and possibly non-sensitive, 
indicator of the quality of prenatal growth and development in the human 
epidemiological studies, it has helped to provoke controversy. As no single process or 
set of processes can be easily identified which may have contributed to both alterations 
in birth weight and later disease in the human studies, this has facilitated a wider 
criticism of the Developmental Origins of Health and Disease Hypothesis. This is in 
spite of the clear demonstrations of programming by specific interventions in animal 
studies. One such criticism addresses the strength of the epidemiological associations 
between birth weight and risk factors for cardiovascular disease such as blood pressure 
status and plasma lipid profile. Despite the now substantial body of evidence 
supporting such associations, two recent meta-analyses carried out by the same 
research group suggest that the size of these associations (but not their existence), their 
clinical relevance and, by extension, the Developmental Origins of Health and Disease 
hypothesis are all in doubt.
71,72The bombastic nature of their conclusions is not entirely 
supported by their analyses, however. Whilst meta-analyses are often a useful adjunct 
to original science, meta-analytic approaches must be used judiciously to avoid 
frequently encountered pitfalls.
73 It  is well known that one of these frequent pitfalls is 
the dilution of effect sizes that occurs when meta-analyses include large studies with 
relatively poor quality data. In the majority of the larger datasets drawn upon in these 
meta-analyses, blood pressure and birth weight were obtained by self-report rather 
than by direct measurement. Their use of a fixed-effects meta-analysis gives undue 
weight to such studies by virtue of their size which dilutes the estimate of effect size 
found in smaller studies with more accurate methodologies. Modern meta-analysis 
15 points. Indeed, it is well-known that growth in childhood is characterised by periods of 
variable growth acceleration that depend on a wide range of factors such as nutrition 
or emotional support and not, simply, upon size at birth. In essence, such models are 
more akin to studies where subjects are stratified by current weight to assess the effect 
of birth weight on outcome measure within each stratum and, therefore, arguably the 
best statistical approach for understanding the mechanisms relating prenatal growth to 
later disease. 
Such arguments over the relative importance of prenatal versus postnatal growth in the 
determination of health outcomes are unlikely to be settled by the injudicious 
application of algebra to the problem.
76 Indeed, I would argue that this approach is as 
futile as rearranging Ohm's law in an attempt to prove that resistance is more 
important than current as a determinant of potential difference. Only longitudinal 
studies where postnatal growth trajectories are assessed at multiple key points during 
childhood are likely to define the importance of postnatal growth in the origins of later 
health and disease. However, due to the relative paucity of such data, controversy 
exists in this area also. Drawing from their data on postnatal growth in premature 
infants, Singhal and Lucas suggest that early postnatal growth may have a detrimental 
impact on the risk of insulin resistance in later life.
7s There are two difficulties with this. 
Firstly, they have drawn conclusions about normal child development from a small 
study of premature infants using split pro  insulin as a marker of insulin resistance. 
Given the well-known additional risks and pathologies involved in prematurity and the 
uncertainty regarding the interpretation of split pro  insulin, this is likely to be 
misleading. Secondly, growth in their study was only assessed using weight at birth, at 
two weeks and in adolescence. Their finding of a positive association between growth 
in the first two weeks of life and a marker of insulin resistance in later life is interesting 
17 survey in which many women took folate supplements in early pregnancy but few took 
them in late pregnancy, those whose diets were high in meat and fish, but low in folate 
or green leafy vegetables had babies of lower birth weight. These findings are 
consistent with a review of trials of protein supplementation in pregnancy, which 
concluded that high protein density supplements led to lower offspring birth weight.
99 
The observation of adverse effects of high protein maternal diets appears paradoxical, 
in that fetal growth represents net deposition of lean tissue and therefore an absolute 
requirement for protein. Whilst an inadequate supply of protein might be expected to 
impair fetal growth, it is less clear why high protein intakes may be detrimental. One 
possibility is that meat and fish are rich in essential amino acids, which must either be 
used for protein synthesis or oxidised.
1
°O Oxidation consumes non-essential amino 
acids, whose synthesis requires cofactors including folate and vitamin B6. Low intake 
of green vegetables, a source of folate, accentuates the effect of high meat and fish 
consumption on the offspring's blood pressure. In mothers with a limited capacity to 
synthesise non-essential amino acids, maternal amino acid oxidation could impair fetal 
growth as a result of reduced availability of the non-essential amino acids required in 
large quantities by the fetus. Consistent with this hypothesis, increased maternal amino 
acid oxidation during pregnancy has recently been associated with impaired fetal 
growth.
90 
Although the observations from these studies suggest that the balance of maternal 
meat, fish, carbohydrate and folate intake could have important implications for the 
offspring's risk of cardiovascular and metabolic disease, the dietary data available in 
these studies were crude and secure identification of the optimal balance of nutrients 
requires studies with more detailed maternal dietary data. 
21 The direct biological links between hostility and coronary artery disease show a 
striking similarity to those found in depressive sUbjects. When compared to non-hostile 
individuals, hostile subjects exhibit greater HR and blood pressure responses to mental 
stress
l3l and higher ambulatory blood pressure levels during normal daily activities.
13l 
They have weaker vagal control of HR,133.134 increased platelet reactivity/3S·136 and higher 
concentrations of circulating catecholamines and cortisol which indicate up-regulated 
sympathomedullary and HPAA activity.  137.138 As is the case for depression, these 
features of hostility are both atherogenic and predictive of sudden cardiac death. 
Social isolation or lack of social support often accompanies other psychosocial 
problems such as depression or hostility but has also been found to be independently 
predictive of cardiovascular disease. In addition to the findings in humans summarized 
in Table 1, studies in a variety of animals including primates have shown dramatic 
increases in the risk of cardiovascular disease as a result of disruption of social 
networks, isolation, or overcrowding.
139
•140 Again, in addition to influences on high-risk 
behaviour, social isolation, like hostility and depression, exerts direct 
pathophysiological effects on individuals which are similar to those described for 
hostility and depression. These include hypercortisolaemia,141.142 reversible increases in 
HR (a marker of sympathetic activation and parasympathetic withdrawal)I43.144 and 
increased urinary adrenaline concentration (a marker of increased sympathetic 
•  •  )  145  actIvatlOn . 
In contrast to these other psychosocial factors, the association between anxiety 
syndromes and cardiovascular disease is relatively less studied and those studies that 
have been done prospectively show strong associations between anxiety and sudden 
cardiac death but weak or absent associations with myocardial infarction. This suggests 
28 structure to humans, have shown that social dominance in an unstable environment 
where animals are regularly switched between groups, forcing regular re-establishment 
of dominance, is a potent stimulus for coronary artery atherosclerosis.1
S7.160 f)-adrenergic 
blockade with propranolol prevents this/
59 implicating the SNS. The atherosclerosis is 
worsened by a high cholesterol diee
S7 but vasoconstrictor responses to acetylcholine in 
the coronary arteries were shown to be almost independent of diet and largely 
dependent on the degree of psychosocial stress suggesting that endothelial function is 
profoundly altered by chronic stress in this model.l60 
1.2.1.3  llcute Stress 
Perhaps due to its temporally discrete nature, acute psychosocial or mental stress is 
much easier to model and study. Acting through the same autonomic and endocrine 
processes that have been described for chronic stress, acute stressors produce a range 
of physiological effects including tachycardia, hypertension, and vasoconstriction which 
contribute to myocardial ischaemia, arrhythmias, worsening endothelial function and 
endothelial injury, platelet activation, and haemostatic changes and haemocentration 
which contribute to greater plaque vulnerability and risk of thrombosis. A large battery 
of mental stress tasks have been shown to induce myocardial ischaemia measured by 
an array of techniques including electrocardiogram (ECG) changes, radionuclide 
ventriculography, echocardiography, and positron emission tomography.106 As for 
chronic stress, the nature of the stressor is a crucial determinant of the characteristics 
of the response. For example, some mental stress tasks, such as public speaking and 
mirror-tracing, are more potent than others, such as Stroop colour/word interference161 
and mental arithmetic tasks, in stimulation of myocardial ischaemia.106 However, these 
studies show that mental stress induces myocardial ischaemia in up to 50% of patients 
31 with existing coronary artery disease. They also challenge the common perception that 
extreme emotional distress would be required to precipitate cardiovascular events by 
demonstrating significant myocardial ischaemia in response to behavioural challenges 
similar to those that most of us encounter daily. 
Such studies cannot address the extent to which these processes are responsible for 
cardiac events in the general population. Insight on this issue comes from studies of 
incidence of cardiac disease clustered around large-scale social events and natural or 
man-made disasters which are assumed to be stressful to the general population. For 
example, the incidence of life-threatening ventricular arrhythmias in patients with 
implantable defibrillators increased significantly three days following the World Trade 
Centre terrorist attack in 2004, both in New York City162 and in Florida which was not 
attacked and is geographically remote from New York.l63 These effects were not 
attributable to seasonal or monthly variation in these events which are known to occur 
and incidence remained raised for a month following the attack. Another example 
comes from studies of myocardial infarction incidence related to important football 
matches. For example, when England lost to Argentina on penalty shoot-out during the 
1998 World Cup, risk of admission for acute myocardial infarction rose by 25% for 
three days. Other conditions such as stroke, deliberate self-harm, and road traffic 
injuries showed no similar association with this event.l64 A similar finding was reported 
for the quarter final between the Netherlands and France in the 1996 European CUp.16S 
Another study which followed local football team supporters in the North of England 
for a five year period showed that this effect is not limited to big international 
matches.l66 On days when the local professional football team lost at home, risk of 
mortality attributable to acute myocardial infarction and stroke increased significantly 
in men by 28%. This effect was not seen in women. Perhaps the most intriguing finding 
32 in studies of football-related stress comes from a study of the 1998 World Cup which 
showed that mortality from myocardial infarction of French men on the day that they 
won the World Cup decreased significantly. This raises the possibility that the 
celebration and euphoria surrounding such an event may actually reduce stress-related 
cardiac deaths. Studies examining the activation of candidate stress pathways such as 
the SNS, for example, will be necessary to clarify the mechanisms involved in these 
associations. 
Animal studies support a role for acute stress in the pathogenesis of myocardial 
infarction. Studies of people with familial hypercholesterolaemia (a condition which 
significantly increases the risk of myocardial infarction) have identified a number of 
important gene polymorphisms, coding for proteins involved in the metabolic 
regulation of cholesterol, which cause the condition. This has allowed the development 
of animal models which are genetically predisposed to myocardial infarction. Tho 
genes which may be knocked out to create such models include the apolipoprotein E 
(ApoE) gene and the low density lipoprotein (LDL) receptor gene. ApoE, like other 
apolipoproteins, stabilises and solubilises lipoproteins and acts as the primary ligand 
for the LDL receptor (which binds to apolipoprotein B as well). ApoE is critical to the 
formation of very low density lipoproteins and the LDL receptor is the primary 
receptor for transportation of such cholesterol-carrying lipoprotein particles into cells. 
Therefore, knockout mice which lack the ApoE gene and the LDL receptor  gene 
become hypercholesterolaemic and develop coronary atherosclerosis. Recent studies 
have shown that myocardial infarction can be triggered in these mice by both mental 
and hypoxic stress.
167 Furthermore, it was demonstrated that these pathological changes 
could be prevented by blockade of the endothelin type A receptor suggesting that the 
33 Although there is controversy as to the role of HPAA and sympathetic activation in 
the development of hypertension, these neuroendocrine systems have potent pressor 
effects. Recent evidence from case-control and cross-sectional studies of people 
without pituitary or adrenal disease show that elevated plasma cortisol concentrations 
in morning samples are associated with high blood pressure.
173
•
175 In addition, data from 
both adults and children shows that stress responsiveness is associated with carotid 
atherosclerosis/
76 increased left ventricular mass
177
,171I and in follow-up studies predicts 
subsequent blood pressure
l79 and the prevalence of hypertension.  ISO Particularly strong 
evidence for the association between stress responsiveness and later hypertension 
comes from a prospective study of over 4100 healthy young men and women who were 
followed for 13 years in the Coronary Artery Risk Development in Young Adults 
(CARDIA) study where blood pressure responses to a range of psychological 
challenges were strongly predictive of an earlier onset of hypertension.  lSI This finding 
was robust to adjustment for a range of covariates including age, sex, race, body mass 
index (BMI), education and resting blood pressure which stands in contrast to an 
earlier, smaller, but nevertheless influential study which was limited to the male civil 
servants who participated in the Whitehall II study.182 The authors of this study found 
that blood pressure reactivity to a mental stress task provided minimal independent 
prediction of follow-up blood pressure at five year follow-up when baseline blood 
pressure (at the time of the initial study) was controlled for. However, this study was 
carried out only in men aged 35 - 55 years at entry and from a very specific population 
(civil servants) whereas the CARDIA study examined men and women aged 18 - 30 at 
entry with a broader range of racial and social backgrounds. One possible explanation 
for the disparity in these studies may be that blood pressure reactivity in an older 
population is less indicative of underlying autonomic cardiovascular control where 
vascular dysfunction due to localised factors such as endothelial damage may modify 
35 blood pressure responses. Additionally, the CARDIA study used a range of stressors 
including the cold pressor task, star-tracing and a video game task whereas the 
Whitehall II study only used a non-verbal cognitive task. 
It  is well known that different tasks elicit different levels of response in different 
subject groups. In particular, stressors do not have the same meaning for all sex and 
ethnic groups. A substantial body of literature supports this, showing that, in 
comparison to women, men display greater blood pressure responses to challenging 
achievement tasks such as video games
l83 and that relative to whites, blacks have 
greater blood pressure responses to tasks that typically yield an a-adrenergic response 
such as cold pressor or star tracing tasks.
l84It  is possible, therefore, that the association 
between blood pressure responsivity during stress and later risk of hypertension varies 
by sex and ethnicity as well.
l8l There is evidence, however, that even in an older age 
group, blood pressure reactivity predicts the onset of hypertension. When the original 
Whitehall II stress study was repeated in the same cohort ten years after initial 
enrolment, with just over three quarters of the original group, and using the same stress 
task, blood pressure reactivity did predict the onset of hypertension.
lss In a similar 
study in Finnish middle-aged men, blood pressure reactivity in anticipation of 
performing an exercise test was found to be strongly predictive of later hypertension.
l86 
When these epidemiological studies were begun, the Reactivity Hypothesis for the 
development of hypertension suggested a fairly simplistic model of the relationship 
between stress-induced cardiovascular reactivity and later hypertension. The message 
that emerges from these epidemiological studies is that this simple relationship does 
not exist and that a range of additional factors such as age and sex are important for 
determining which stressors affect which groups of people and the impact that this has 
36 on their long-term health. Whilst it is probable that individuals with hypertension will 
demonstrate high reactivity to a range of stressors, it is equally probable that an 
individual who demonstrates a marked response to a given stressor may not develop 
hypertension. Why might this be? A number of recent strands of research provide an 
answer. It  is now apparent that blood pressure reactivity is affected by markers of long-
term stress exposure such as negative affece
87 and job strain
l88 and that stress buffers 
such as social support networks which include family and friends reduce both short-
term stress reactivity and long-term cardiovascular risk.
l89 Additionally, family history 
of hypertension interacts with these markers of chronic stress to determine the link 
between stress responsivity and hypertension.
l90 Therefore, innate susceptibility to 
stress has an inheritable component which may be genetic or non-genetic, a social 
component, and a component which depends on life course experiences of stress. 
Future studies will be needed to address the apparent disparity in the influence of 
stress responsivity on risk of disease between different groups by taking these factors 
into account. 
1.3  The Hypothalamic Pituitary Adrenal  Axis (HPAA) 
In order to better understand how psychosocial factors may lead to the development of 
cardiovascular disease, a detailed understanding of the development, organisation and 
function of the neuroendocrine physiology that has been implicated is required. The 
following sections elaborate these details for the HPAA and the ANS. 
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Figure 1. Central and peripheral neuroendocrine paihways influencing cardiovascular and metabolic outcomes during stress. ACh, acetylcholine; AClH, 
adrenocorticotrophic hormone; Adr, adrenaline; Avp,  arginine vasopressin; BNST, bed nucleus of ihe stria terminalis; C1,  C1  adrenergic neurons of ihe 
ventrolateral medulla oblongata; CRH,  corticotrophin releasing hormone; GABA gamma-aminobutyric acid; IML, intermediolateral cell column; LC-NA locus 
coeruleus noradrenergic sympaihetic system; NA noradrenaline; NTS, nucleus tractus solitarius; POMC, proopiomelanocortin; P'vN, paraventricular 
nucleus; R-A-A renin-angiotensin aldosterone system; RFN,  retrofacial nucleus; VGp,  vagoglossopharyngeal nerve. Neuronal connections are represented 
as monosynaptic for simplicity but may well be more complex, Systemic stressors are detected by the viscera and relayed via the brainstem by 
catecholaminergic pathways to effect CRH / vasopressin release at the PVN. 
Furthermore, circulating stress markers such as angiotensin II (Ang II) or cytokines 
can be detected by the circumventricular organs which also effect CRH / vasopressin 
release at the PVN. These hormones travel in the hypophysial portal circulation to the 
anterior pituitary where they cause cleavage of ACTH from pro-opiomelanocortin 
(POMC). ACTH is synthesized in and released from corticotrophs in the anterior 
pituitary into the systemic circulation where it travels to the adrenal glands. Here, 
ACTH binds to its receptors on the surface of cells in the adrenal cortex stimulating 
the release of glucocorticoid. Variable stimulation and inhibition of the PVN by the 
suprachiasmatic nucleus causes concentrations of glucocorticoid and ACTH in the 
circulation to follow a circadian rhythm. Glucocorticoid levels rise to a peak around 7 
am in humans then decline steadily throughout the day reaching a nadir between 7 pm 
and midnight before slowly rising again. The ACTH rhythm precedes the 
glucocorticoid rhythm in phase by 1-2 hours. Nocturnal animals, such as rats, display a 
similar but reversed circadian rhythm with glucocorticoid levels reaching a peak 
around wakening times (this being the evening in the case of rats). Complex 
interactions between the PVN, the arcuate nucleus which responds to leptin and 
insulin, and the locus coeruleus-noradrenergic sympathetic system which integrates 
incoming information from the PVN and the arcuate nucleus with visceral status and 
arousal, suggest additional pathways by which systemic stressors and food consumption 
may influence activity of the HPAA (Figure 1). 
40 In the majority of mammals, including humans, the primary circulating glucocorticoid is 
cortisol. In rats and other rodents, it is corticosterone. The symptoms of primary 
adrenocortical insufficiency first described by Addison in the mid 19
1h century give 
some idea of the biological importance of these hormones. His description of 'general 
languor and debility, remarkable feebleness of the heart's action, irritability of the 
stomach and a peculiar change in the colour of the skin' came to be known as 
Addison's Syndrome.
192 Glucocorticoid receptors (GR) are expressed on the surface of 
every normal mammalian cell type. Studies in patients and adrenalectomised animals 
demonstrate a wide range of actions for glucocorticoids including stimulation of 
gluconeogenesis, inhibition of glucose uptake and utilization in peripheral tissues, 
increased glycogen deposition, increased lipolysis and free fatty acid release, 
stimulation of protein and nucleic acid synthesis particularly in the liver, acceleration 
of various developmental events, acceleration of liver, pancreas, gastrointestinal tract, 
and lung maturation, suppression of immune and inflammatory responses, inhibition of 
cytokine synthesis, inhibition of fibroblast proliferation and extracellular matrix 
deposition, regulation of calcium absorption and redistribution, and maintenance of 
normal salt and water homeostasis, cardiovascular function and blood pressure.  192 They 
also have central neuromodulatory actions with effects on behaviour, appetite control, 
learning, memory and the HPAA itself. In the amygdala, for example, they enhance 
memory consolidation and in the hippocampus, they act to inhibit memory recall.
I9J 
Clearly, these hormones have a wide range of effects on physiological systems, the best 
studied of which are their effects on carbohydrate metabolism and immune function. 
Glucocorticoids are catabolic hormones which oppose the actions of insulin, increasing 
the availability of circulating glucose and fatty acids when an organism is stressed. This 
is achieved through their action on a number of enzyme systems in the liver, muscle 
41 and fat. In the liver, glucocorticoids enhance gluconeogenesis, the process of glucose 
synthesis from non-hexose substrates such as lipids and amino acids, by up-regulation 
of the rate-limiting enzyme in gluconeogenesis, phosphoenolpyruvate carboxykinase.
194 
Glucocorticoids also reduce translocation of glucose transporter 4 to the cell 
membrane thereby reducing glucose uptake and utilization in skeletal muscle.
1
!14 
Glucocorticoids up-regulate the enzyme, phenylethanolamine N-methyltransferase, in 
muscle tissue resulting in increased conversion of noradrenaline to adrenaline which 
acts on ~-adrenoceptors to inhibit insulin-mediated glucose uptake in the muscle.
195 
Lastly, glucocorticoids may increase circulating free fatty acids by inhibiting lipoprotein 
1·  196  Ipase. 
The HPAA is usually depicted as a classical neuroendocrine feedback loop (Figure 1). 
However, regulatory inputs to the HPAA are diverse and complex. Undoubtedly, 
increased levels of circulating glucocorticoid have a central inhibitory effect on activity 
of the HPAA but the pathways that mediate this negative feedback remain unclear. 
Studies in rats suggest that the day-to-day basal regulation of the HPAA may not rely 
upon direct feedback by glucocorticoids but rather via their peripheral metabolic 
actions. Feeding behaviour, energy balance and central CRH release in 
adrenalectomised rats can be normalised by ingestion of sucrose suggesting a role for 
circulating carbohydrates and possibly other energy stores in mediating the feedback 
actions of increased corticosteroids.l
97
,l98 The fact that many regions of the brain 
including the hippocampus, hypothalamus and pituitary richly express GR makes it 
likely that there must also be a role for a direct action of glucocorticoid on the 
regulation of the HPAA. During stress in adrenalectomised rats, higher levels of 
corticosterone actually enhance CRH and subsequent ACTH release suggesting a 
central driving role for glucocorticoids.
l98 The hippocampus, possibly the most 
42 There are two classes of intracellular receptor to which it binds, the mineralocorticoid 
receptors (MR) and the GR. MR have an affinity for cortisol approximately an order 
of magnitude greater than the affinity that ubiquitous GR have for cortisol and are 
expressed in specific tissues such as the kidney, colon and brain. In the brain, MR are 
expressed in key areas such as the hippocampus and amygdala. These receptors are 
bound to heat shock proteins which hold them in a receptive state.
202 Binding to cortisol 
induces a conformational change in the receptor / chaperone complex causing the heat 
shock proteins to disengage. The resulting complex binds to another similar complex 
forming a homodimer which is internalised into the nucleus by a specific transport 
protein. In the nucleus, these receptor / ligand complexes recognise palindromic DNA 
sequences known as Hormone Response Elements, or specifically in the case of 
glucocorticoids, as Glucocorticoid Response Elements (GREs). 
Once bound to these regions of DNA, the complex exerts numerous and incompletely 
understood effects on transcriptional machinery to alter expression of glucocorticoid 
responsive genes.
202 Thus, cellular effects of glucocorticoids are relatively delayed and 
more lasting than, for example, those of the ANS. Although the glucocorticoid receptor 
complexes function as transcription factors, though DNA binding, to achieve some of 
their effects, recent studies suggest that many of their effects are independent of DNA 
binding. Point mutations introduced into the DNA binding sequence of the 
glucocorticoid receptor gene in mice prevent dimerisation and binding to the GREs. 
However, mice homozygous for this mutation are still viable, whilst GR knockout mice 
are not, suggesting that many of the functions of the glucocorticoid receptor are not 
mediated though DNA binding at all.
203 Finally, pre-receptor metabolism by the 11 
l3-hydroxysteroid dehydrogenase (l1l3-HSD) enzymes controls the intracellular 
availability of glucocorticoid for receptor binding. There are two distinct isozymes 
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examples, the environmental manipulations during early life are stressful with 
detrimental effects on neurodevelopment,224 resulting in increased stress-induced 
corticosteroid production in the older animal with or without accompanying changes in 
basal HPAA function. Putative stress-reducing manipulations such as feeding or 
stroking have also been shown to oppose those effects of stress on later HPAA 
function.222 These neuroendocrine differences are frequently accompanied by disorders 
of behaviour including demonstrations of increased anxiety or emotionality in adverse 
situations. For example, exposure of pregnant rhesus monkeys to mild psychological 
stress in mid to late gestation results in reduced birth weight offspring with impaired 
neuromotor development, increased disturbance behaviour during stress, attention 
deficit and altered basal and stress-induced HPAA function.22S-227 
It  is thought that the effects of prenatal stressors may be mediated by excessive fetal 
exposure to glucocorticoid hormone resulting in persisting alterations in HPAA 
activity. In support of this proposal, prenatal treatment of rats with dexamethasone 
increases fetal glucocorticoid exposure, leading to permanently increased HPAA 
activity with increased circulating levels of corticosterone.228 Studies in animals exposed 
to prenatal stress suggest that this is probably effected, in part, by lifelong reductions in 
mineralocorticoid or glucocorticoid receptor density in the hippocampus, which is an 
important site of negative feedback on the HPAA.229 However, findings from such 
studies have been inconsistent. Partial explanation for this may lie with the disparate 
stress methodologies and animal species used but it is also apparent that sex may be an 
47 important factor in the relationship between prenatal stress and later hippocampal 
receptor populations.
230
,231 Additionally, the same stressor administered at one stage of 
gestation can have a profound effect on later HPAA function whilst having no effect at 
a different gestational age, underlining the critical important of the timing of the 
stressor during prenatal development.232 
Evidence from human studies is comparatively sparse. Among men aged 64 years, born 
in Hertfordshire, a continuous negative relationship between birth weight and timed 
fasting plasma cortisol concentrations has been observed. For example, individuals who 
weighed 5.51b or less at birth had a mean cortisol concentration of 408 nmolll whilst 
those weighing 9.51b or more, had a mean cortisol concentration of 309 nmolli. This 
trend was independent of age and BMI.173 Similar relationships between birth size and 
fasting cortisol concentrations in two other populations in Preston, UK, and in 
Adelaide, South Australia have been demonstrated.
233 Detailed studies in both 
Hertfordshire and South Africa show that low birth weight is associated with increased 
cortisol responsiveness to synthetic ACTH (Synacthen), a finding strongly suggestive 
of increased activation of the HPAA.234,235 With the exception of the findings presented 
in this thesis, a contemporary retrospective study in male twins provides the only 
evidence in humans for a link between fetal growth and later HPAA function during 
stress.
236 Little is known in humans about the influence of the mother in programming 
the HPAA of the offspring. In the late 1960s in Motherwell, Scotland, an obstetrician 
by the name of Kerr Grieve was advising pregnant mothers to eat lIb of red meat daily 
and avoid carbohydrate-rich foods, believing that this might help to prevent pre-
eclampsia. A recent study of the offspring of those pregnancies provides the first 
evidence that unbalanced high protein diets, lacking carbohydrates and green 
vegetables, are associated with higher fasting plasma cortisol levels in the offspring.237 
48 In an earlier study, the same individuals were also found to have raised blood 
pressure.
98 
1.4  The Autonomic Nervous System (ANS) 
The peripheral nervous system is divided into the somatic nervous system which 
governs the actions of organs (principally the musculature) under conscious control 
and the ANS which, as its name implies, is autonomous and therefore, largely not 
subject to voluntary control. The ANS forms part of a wider system of homeostatic 
mechanisms, including endocrine systems, which regulate the functions of individual 
organs to adapt an organism to environmental and metabolic demands. The larger 
portion of the ANS is an efferent system carrying impulses from the central nervous 
system (eNS) to peripheral target organs, which include endocrine organs. In fact, the 
only efferent nerve fibres leaving the eNS which are not part of the ANS are the 
motor nerves which innervate skeletal muscles. 
Important effects of the ANS include: control of HR, myocardial contractility, 
vasoconstriction and vasodilatation, contraction and relaxation of smooth muscle in 
various organs, visual accommodation, pupillary size, and the activity of exocrine and 
endocrine glands. There are some afferent nerve fibres in the ANS which are carried 
generally by the major autonomic nerves such as the vagus (cranial nerve X), the 
splanchnic, and the pelvic nerves. However, some afferent pain fibres from blood 
vessels are carried within somatic nerves. Afferent autonomic nerves act 
predominantly to convey visceral sensation to the eNS and regulate the vasomotor 
and respiratory reflexes. For example, baroreceptors and chemoreceptors in the carotid 
sinus and the aortic arch transmit information about cardiorespiratory state via the 
49 vagus and glossopharyngeal nerves to the nucleus tractus solitarius forming the 
afferent limbs of the baroreflex and chemoreflex which regulates HR, blood pressure 
and respiratory activity via efferent autonomic nerves. These reflex arcs with 
exclusively autonomic afferent and efferent limbs are relatively unusual. Most reflex 
arcs involving the ANS comprise an afferent limb of either autonomic or somatic 
nerves and an efferent limb involving both the autonomic and somatic nervous system. 
For example, afferent signals from chemoreceptors, mechanoreceptors, or pain 
receptors carried by either the ANS or somatic nervous system from the viscera might 
stimulate a range of responses including those mediated by the efferent autonomic 
system, such as smooth muscle contraction in blood vessels, the eyes, lungs, bladder, or 
gastrointestinal tract, and those mediated by the efferent somatic system, such as 
coughing or vomiting. Most of these reflex arcs are simple involving only single organs 
whilst some are more complex, may involve signals from multiple organs and act upon 
multiple organs, usually under the control of higher eNS regions such as the 
hypothalamus. 
The ANS is divided into three distinct branches, based on their anatomical and 
functional differences. These are the SNS, the PNS, and the enteric nervous system. This 
thesis will focus on the SNS and PNS. In both systems, myelinated pre-ganglionic nerve 
fibres make synaptic connections with unmyelinated post-ganglionic nerve fibres which 
innervate the effector organ. Such synaptic connections are usually clustered in the 
same locations, which are called ganglia. Most organs are innervated by both the SNS 
and the PNS which generally exert opposite effects on the function of those organs. For 
example, the vagus nerve, a parasympathetic nerve, acts on the sinoatrial (SA) node to 
slow HR, whilst sympathetic innervation of the heart acts, both at the SA node, and 
throughout the myocardium to increase HR and contractility. There are exceptions to 
50 domains of the body in a differentiated manner, indicating the existence of separate 
sympathetic pathways that are functionally defined by their target cell types. This is 
supported by experimental investigations of lumbar sympathetic outflow to skin, 
skeletal muscle and viscera and thoracic sympathetic outflow to the head and neck 
which show that each target organ and tissue is innervated by one or two separate 
pathways which consist of sets of pre- and post-ganglionic neurons with distinct 
patterns of reflex activity.239 Using microneurography in skin and muscle nerves in 
conscious humans and direct recordings from skin, muscle and visceral nerves in 
anaesthetised animals, these studies have shown that each type of sympathetic neuron 
exhibits a discharge pattern that is characteristic for its target cells and, therefore, its 
function.240 Thus, the divisions of the peripheral SNS such as lipomotor, sudomotor, 
cardiomotor, secretomotor, cutaneous vasoconstrictor, or muscle vasoconstrictor 
neurons all exhibit patterns of activity which reflect the differing organisation and 
function of higher centres in the spinal cord, various brain  stem regions, the 
hypothalamus and the forebrain that govern them. These patterns of activity vary 
according to origin of the afferent inputs to any given SNS division and the nature of 
the stimulus, which is by-no-means limited to a psychological threat and, in 
experimental conditions, may include a range of noxious stimuli such as hypoxia, 
hyperthermia, vibration and other mechanical stimuli. Thus, recordings from any single 
peripheral autonomic neuron show a surprisingly varied set of burst patterns which can 
be related to both peripheral afferent and centrally generated events. Examples of such 
centrally generated events that are frequently related to peripheral nervous system 
discharge patterns include: respiratory, circadian and other body rhythms, and 
command signals generated in the forebrain. 
52 due to the myelinated preganglionic fibres which traverse them. Where each ramus 
joins the sympathetic trunk, paravertebral ganglia containing the cell bodies of post-
ganglionic SNS neurons are found. 
Depending on the target tissue, there are a number of alternative neuronal pathways 
from the paravertebral ganglia (Figure 3). The majority of preganglionic neurons 
synapse in the paravertebral ganglia with postganglionic neurons which rejoin the 
ventral rami via the grey communicating rami before distribution to effector organs by 
the spinal nerves. The grey communicating rami are grey, rather than white, because 
postganglionic sympathetic neurons are unmyelinated. Some preganglionic neurons do 
not synapse in the paravertebral ganglia. Instead, they travel up or down the 
sympathetic trunk to synapse with postganglionic neurons in other ganglia such as the 
cervical, lumbar, or sacral ganglia which do not receive communicating rami directly 
from their adjacent spinal cord segments, or they travel in the greater splanchnic nerve 
and synapse directly with chromaffin cells in the adrenal medulla (Figure 1 & Figure 3). 
Finally, they may pass through the paravertebral ganglia to synapse in prevertebral 
ganglia such as the celiac or mesenteric ganglia. The sympathetic supply to the head 
and neck arises in the first two thoracic spinal cord segments (Tl / T2) and travels up 
the sympathetic trunk before synapsing in one of the superior, middle, or inferior 
cervical ganglia. Each of these ganglia gives rise to cardiac branches, branches to blood 
vessels, sweat glands and hair follicles in the head and neck, and vascular branches 
which follow the arterial tree to target organs in the head such as the salivary glands or 
the smooth muscles of the eye which control pupil size. 
55 Neurotransmission in the SNS involves a number of neurotransmitters and receptor 
classes. The primary neurotransmitter of preganglionic sympathetic neurons is 
acetylcholine and the primary neurotransmitter of postganglionic sympathetic neurons 
is noradrenaline except for postganglionic neurons innervating sweat glands or 
piloerector muscles which secrete acetylcholine. The adrenal medulla is also innervated 
by cholinergic neurons but these are effectively pre-ganglionic and the chromaffin cells, 
with which these neurons synapse, share a common embryonic origin with 
postganglionic sympathetic neurons. Postganglionic sympathetic neurons express 
nicotinic receptors on their surface which are coupled to ion channels and rapidly 
activate the neuron when acetylcholine is bound to them. Although these acetylcholine 
receptors, in common with those of neuromuscular junctions, may be activated by 
nicotine and are structurally similar to nicotinic receptors in the somatic nervous 
system, there are a number of differences. For example, they can be blocked by 
mecamylamine, which has no action at the neuromuscular junction, but not by 
a-bungarotoxin, which is a potent blocker of nicotinic receptors at neuromuscular 
junctions. The sympathetic acetylcholine receptors in the sweat glands and piloerector 
muscles, like parasympathetic target organ receptors, are muscarinic. Greater detail 
about this receptor class and its subtypes is given in section 1.4.2.1, where they are 
discussed in the context of parasympathetic neurotransmission. 
The adrenergic receptors, on target tissues where noradrenaline is the 
neurotransmitter, are divided into two main classes: a-adrenoceptors and 
~-adrenoceptors.  They are coupled to secondary messenger systems within target cells 
by G-protein complexes. Together, these classes have five sUbtypes: a p  a 2,  ~p  ~2 and ~3' 
aj-adrenoceptors are found in the smooth muscle of the blood vessels, bronchi, 
gastrointestinal tract, uterus, and bladder. Activation of these receptors results 
57 generally in excitation of the smooth muscle cell and consequent contraction of the 
muscle. However, this is not the case in the gastrointestinal tract where activation 
causes smooth muscle relaxation except for the sphincters which contract. 
u2 -adrenoceptors are also found in the smooth muscle of the blood vessels where their 
activation causes vasoconstriction but noradrenaline preferentially binds to the u1 
sUbtype. ~l-adrenoceptors are found in the heart where their activation increases HR, 
contractility, and conductivity and they are found in the sphincters of the 
gastrointestinal tract where their activation causes relaxation. ~2-adrenoceptors are 
also found in the heart where their activation has similar effects to those of 
~l-adrenoceptor activation. Noradrenaline preferentially binds to ~l-adrenoceptors but 
~2-adrenoceptor activation becomes more important in patients with heart failure 
where ~l-adrenoceptor expression is reduced. Activation of  ~2-adrenoceptors in blood 
vessels causes vasodilation but this effect is normally overwhelmed by the effect of 
noradrenaline on u-adrenoceptors. ~2-adrenoceptors are also expressed in the smooth 
muscles of the bronchi where their activation causes bronchodilation. Finally, 
~3-adrenoceptors are expressed in adipose tissue where their activation leads to 
thermogenesis and lipolysis, releasing glycerol and free fatty acids into the circulation. 
Noradrenaline regulates its own release by acting on receptors in the presynaptic nerve 
terminals of its releasing neurons. Here, activation of u2 -adrenoceptors inhibits further 
noradrenaline release whilst ~2-adrenoceptor activation facilitates it. Other factors 
which may have a role in regulation of sympathetic neurotransmission at the synaptic 
level include rate of neurotransmitter production, breakdown and reabsorption, and 
the action of collocated neuropeptides. The catecholamines, noradrenaline, adrenaline, 
and dopamine, are part of a larger family of biogenic amines which includes serotonin 
and histamine. Catecholamines are synthesised from tyrosine by the rate-limited 
58 enzymatic action of tyrosine hydroxylase. This first stage in noradrenaline synthesis is 
inhibited by noradrenaline itself and accelerated by Na  + and Ca
2
+ ions. The result of this 
enzyme reaction is L-dopa which is rapidly converted to dopamine by L-aromatic 
amino acid decarboxylase which is then rapidly converted to noradrenaline in neurons 
by dopamine-~-hydroxylase. In some cells of the adrenal gland, this process finishes 
with the production of noradrenaline. However, in the majority of adrenal cells, 
phenylethanolamine N-methyltransferase converts noradrenaline to adrenaline. 
Two non-specific enzymes which are also found in non-neuronal tissues are responsible 
for the breakdown of catecholamines. In the synapse, most noradrenaline 
(approximately 70%) is actively transported back into the presynaptic terminal where 
it is recycled or broken down by mitochondrial monoamine oxidase-A and 
dehydrogenases. Noradrenaline which escapes this process by, for example, being 
transported into the post-synaptic cell is metabolised by catechol-O-methyltransferase 
and the inactivated breakdown products are released into the circulation. Some 
noradrenaline also arrives in the circulation by passive diffusion from synaptic clefts. 
In many adrenergic neurons, collocated neuropeptides are released together with 
noradrenaline. For example, postganglionic neurons from the stellate ganglion, which 
innervate organs such as the heart, contain neuropeptide Y whilst adrenergic neurons 
elsewhere may contain other neuropeptides such as somatostatin or no neuropeptides 
at all. Lacking active uptake mechanisms, neuropeptides are removed slowly from 
synaptic terminals and therefore have a long duration of action. In general, when 
collocated with a fast neurotransmitter, their effect seems to be to gradually potentiate 
or diminish the post-synaptic response to that neurotransmitter. They may also have 
local hormonal effects in addition to this neuromodulatory role. The highly specific 
59 where unilateral surgical eye-closure in kittens, which deprived one half of the visual 
cortex of incoming sensory information, led to permanent deficits in response to 
sensory information in the adult cats when this procedure was reversed after the early 
critical period of development. Thus, despite having an apparently intact visual sensory 
pathway, perception of visual information for the affected eye was permanently 
damaged.244,245 Similar findings were made in a variety of mammalian species including 
primates.246The exact nature of the alterations in neurodevelopment induced by these 
experiments is still not fully understood. The cerebral cortex of mammalian species 
including humans undergoes rapid synaptogenesis during early postnatal life. This is 
followed by a substantial loss of synapses (~50%) that continues through adolescence 
and then a steady but much slower decline in synapse numbers which persists 
throughout adulthood. Whilst sensory experiences undoubtedly influence this process, 
activity-dependent synaptic plasticity appears to vary with timescale of manipulation 
and experimental systems, complicating understanding of these processes.246 In general, 
however, it is thought that activity stimulates synaptic formation whilst inactivity, 
perhaps due to sensory deprivation, decreases it. Furthermore, the extent and duration 
of the effect of early sensory experiences on the lifelong process of synaptic loss has 
only recently received attention. In a recent study of mice, long-term early sensory 
deprivation, caused by whisker trimming, prevents net dendritic spine loss in the 
somatosensory cortex by preferentially reducing the rate of ongoing spine elimination 
without affecting the rate of new spine formation.246 Importantly, this effect persisted 
throughout the life of the animals although it was most marked during adolescence. 
61 Whilst dendritic spine elimination is likely to be one important process involved in the 
early determination of later SNS function, there are a number of stages during the 
development of the SNS that represent likely periods of vulnerability to external 
influences. These include the early stage of cell differentiation, where growth factors 
playa role in determining cell-type switching, SNS nerve proliferation and apoptosis 
where substantial numbers of nerve cells are removed, and dendritic and nerve-ending 
expansion during organ growth. The sympathoadrenal progenitor cell type arises from 
multipotent stem cells in the neural crest during embryogenesis. These either 
differentiate into adrenaline and noradrenaline-producing chromaffin cells, in the 
presence of glucocorticoids or into adrenergic neurons in the absence of 
glucocorticoids and the presence of growth factors such as fibroblast growth factor 2 
and nerve growth factor (NGF). Thus, hormonal and growth factor concentrations, 
which may vary between individuals for innate or environmental reasons, are 
important determinants of neuropoietic balance. A small proportion of the 
postganglionic adrenergic neurons (which release noradrenaline as their primary 
neurotransmitter) undergo a further differentiation into cholinergic neurons which 
primarily innervate the sweat glands. Early development of the SNS, like that of the 
eNS involves an abundant overproduction of nerve cells. Those that establish contact 
with their target tissues survive whilst those that fail to do so, undergo apoptosis. This 
accounts for the loss of approximately 80% of the initial SNS neuron population. 
Survival of neurons during this process is dependent on target tissue production of 
neurotrophic factors such as NGF. Regardless of eventual body size attained in humans 
and other mammals, the number of post-ganglionic SNS neurons which remain after 
this process of apoptosis is fixed. Therefore, processes which influence proliferation of 
nerve cell endings and dendritic spines are likely to be of great importance in 
determining variations between individuals after this stage. 
62 1.4.1.3  Developmental Plasticity of the SNS 
It  is likely that the lasting effects of prenatal stress on the HPAA are closely linked 
with alterations in sympathoadrenal activity, as the two systems act in concert. In a 
study of 103 pre  term infants, antenatal exposure to dexamethasone was found to 
predict lower plasma catecholamine concentrations 12 hours after birth than those 
seen in unexposed infants, but similar plasma cyclic adenosine monophosphate 
(cAMP) levels.247 In rats, too, prenatal exposure to dexamethasone was found to predict 
reduced noradrenergic innervation of target tissues such as the heart, as assessed by 
regional noradrenaline concentration, and reduced noradrenaline turnover (an indirect 
measure of neuronal activity). 248 Because the cellular mechanisms of action of 
dexamethasone include enhancement of  ~-adrenergic receptor-mediated cAMP 
generation, the same group carried out similar studies in rats to assess the effect of 
prenatal dexamethasone on cell transduction systems.249 These suggested that prenatal 
dexamethasone exposure produces a dose-dependent enhancement of p-receptor 
mediated stimulation of adenylate cyclase activity and that this enhancement was at 
the level of adenylate cyclase itself, and not due to effects on receptors or G-protein 
coupling to enzymatic activity. These findings are supported by a study in sheep where 
fetal exposure to hydrocortisone was also associated with greater adenylate cyclase 
activity in the myocardium following birth.
250 Thus the normal levels of plasma cAMP, 
despite lower plasma catecholamine concentrations, seen in human preterm newborns 
might be accounted for by up-regulation of cellular responsiveness to adrenergic 
stimulation at the enzymatic level. Although noradrenergic cardiac stimulation appears 
to be reduced in the offspring in these studies, measures were only taken around birth 
or, at most, into young adulthood. As described below, prenatal adverse interventions 
generally predict greater SNS activity in adulthood. 
63 This apparent contradiction may have a number of explanations: It  is possible that up-
regulation of adenylate cyclase activity persists into adulthood whilst the lower 
catecholamine concentrations seen in neonatal or young animals exposed to 
corticosteroid may represent an initial adaptation to that exposure which does not 
persist into adulthood. Thus, eventual hyper-responsiveness to SNS stimulation might 
result. Alternatively, it should be remembered that these experiments involve a range 
of animal species where findings have not been consistent, making it difficult to draw 
parallels with human development, and that they rely predominantly upon 
dexamethasone as a proxy for adrenocortical hyperactivity. Given the well-known 
differences in pharmacological properties of dexamethasone, in comparison to 
endogenous corticosteroids, this may also be problematic. What is clear, however, is 
that these experiments all demonstrate that the development of the HPAA and the 
SNS is intimately linked and that prenatal modifications in HPAA function are likely 
to alter later SNS function. 
Recent experiments suggest that the raised blood pressure in prenatally stressed 
animals may involve modifications of SNS function and may be due to an increase in 
the magnitude of the stress response. Weinstock and colleagues have reported 
experiments studying rats exposed to noise and light stress during pregnancy. At five 
months of age, the offspring showed heightened SNS activation in response to 
footshock.
251 The effects of prenatal stress in rats are not limited to the peripheral SNS. 
Brain catecholamine turnover in the cerebral cortex and locus coeruleus is increased in 
prenatally stressed animals and associated with increased stress-induced behaviour in 
the adult rats.
252 
64 Further evidence for developmental plasticity of SNS structure and function comes 
from studies of rats where lowered environmental temperature during rearing has 
been shown to permanently increase sympathetic innervation and activity in adipose 
tissue.2S3,254 Dietary manipulations during pregnancy may also have an impact on SNS 
development. In the rat, for example, protein restriction through pregnancy and 
lactation results in increased circulating adrenaline and noradrenaline concentrations 
and increased expression of  ~l and ~3 receptors in the offspring.
2S5 Another potent 
stimulus for altered SNS development is hypoxia and this has been used in a number of 
animal models of fetal adversity. In the chick embryo, chronic hypoxia causes 
sympathetic hyperinnervation of the peripheral arterial system.
2S6 In the ovine model, 
surgical removal of the majority of uterine caruncles in the ewe prior to conception can 
be used as a model of placental insufficiency, resulting in restricted nutrient supply and 
hypoxia in the fetus. Fetal adaptations observed in such experiments include increased 
circulating catecholamine and cortisol concentrations, decreased fetal body growth and 
relative sparing of brain growth. These hypoxic, placentally restricted fetuses 
demonstrate greater hypotensive responses to pharmacological a-adrenoceptor 
blockade in late gestation and the magnitude of those responses depends on the degree 
of hypoxia, suggesting that the maintenance of fetal blood pressure and the 
redistribution of CO to the brain may depend on peripheral vascular sympathetic 
hyperinnervation.
257 This adaptation predates the development of significant growth 
restriction in the fetuses and whilst it probably has short-term benefits in terms of 
brain growth, it may have adverse consequences for neonatal and adult peripheral 
vascular function. 
65 Studies in rats show that the effects of hypoxia on the SNS are widespread and long-
lasting. Offspring of pregnant rats exposed to 10% oxygen between days 5 and 20 of 
embryonic life are small at birth and as adults, demonstrate exaggerated blood 
pressure responses to stress and evidence of disordered baroreflex function.
158 
Neurochemical analysis during their early postnatal development showed that levels 
and utilization of catecholamines were reduced in the sympathetic ganglia, in target 
organs, in the adrenal glands and in the A2 cell group of the nucleus tractus solitarius 
(where baroreceptor information is integrated), but were increased in the locus 
coeruleus. Once the rats reached adulthood, reduced ANS activity was restricted to 
cardiac-related structures such as the stellate ganglion, heart and adrenals. Therefore, 
this data stands in contrast to the evidence from the ovine model, where prenatal 
hypoxia leads to greater SNS activity. Clearly though, the insult involved in this study 
was severe and lasted for the majority of intrauterine life, which may not be an 
appropriate model of natural fetal growth restriction. 
In a another model of intrauterine adversity in the rat, where uterine arteries were 
ligated on day 13 of their 22 day gestation, effects on peripheral arterial sympathetic 
function were found to be regionally specific which may explain some of the disparities 
in previous findings.
2S9 The authors examined adrenergic vascular function in the renal, 
mesenteric, femoral and saphenous arteries but intrauterine adversity only affected the 
renal artery. Concentration response curves for phenylephrine (an al-adrenoceptor 
agonist) showed reduced sensitivity but greater maximal contractile responses in the 
renal artery. As a-adrenoceptor density and binding affinity (assessed by radio-labelled 
prazosin) was not altered by intrauterine hypoxia, these findings are likely to represent 
augmented intracellular signalling. However, maximal contractile responses to 
noradrenaline (stimulates both a and ~ adrenoceptors) were significantly reduced and 
66 relaxation induced by isoprenaline (a predominantly ~2-adrenoceptor agonist) was 
increased. This suggested greater renal ~-adrenergic vasodilation in the prenatal 
hypoxia group which stands in contrast to observations of decreased ~-adrenergic 
vasodilation in aging or hypertensive adult animals.Z60 Whilst the observed effects 
persisted until four weeks of life, the long-term consequences of altered renal vascular 
adrenergic function in terms of adult cardiovascular health were not examined in that 
study. 
Another study using a similar model of placental restriction in rats showed that whilst 
the resulting intrauterine growth retardation was not associated with increased 
cardiovascular responses to stress in the offspring, there was an association with 
increased SNS activity.261 For reasons of experimental convenience, few studies in 
animals have addressed the possibility of a sex disparity in the effects of early adversity 
on SNS development, but in this study, only female growth restricted rats showed 
evidence of increased SNS activity whilst males did not. Thus, the picture of 
associations between prenatal insults and later SNS function emerging from animal 
studies is not without its apparent contradictions which may be accounted for by 
variations in the species or sex, type of insult, timing or duration of insult, or 
methodological approach used. 
It  could be argued that none of the current models of placental insufficiency or 
malnutrition in animal studies are appropriate analogues for the relatively mild degree 
of adversity that may be experienced by human fetuses in the Western world where 
nonetheless, many epidemiological studies show evidence of associations between fetal 
development and adult cardiovascular health. Unfortunately, human data relating to 
early life influences on sympathoadrenal function are limited. Fetuses with intrauterine 
67 growth retardation have higher HRs,262 reduced HRV,262-264 elevated catecholamine 
concentrations in cord blood,265 and higher HR and reduced HRV as newborns.266 In a 
study of 266 men and women aged 50, resting pulse rate was inversely related to birth 
weight,224 a finding that has been confirmed in 2648 African school children.
267 Although 
resting HR is also associated with cardiac parasympathetic tone, it functions as an 
imperfect index of sympathetic cardiac activation
268 and these associations are 
supported by a number of studies using more specific measures of sympathetic 
function. In a study of 630 healthy children, 24-hour blood pressure variability was 
significantly and inversely correlated with birth weight, after adjustment for sex, age 
and height.269 In a study of 114 adolescent twin pairs, pre-ejection period (PEP) 
shortening (a well-known marker of cardiac sympathetic stimulation) was shown to 
account for 63 % - 83 % of the association between birth weight and adolescent blood 
pressure.270 In a recent study, direct recordings of muscle bed sympathetic nerve activity 
(MSNA) were shown to be increased in a group of 20 adults who were small for 
gestational age (SGA) compared with 12 appropriate for gestational age (AGA) 
controls.271 This finding contradicts an earlier, smaller study where MSNA was recorded 
in 13 SGA young adults and 13 age, sex and BMI matched AGA controls which 
showed a weak association between intrauterine growth retardation and MSNA in the 
opposite direction.272 Whilst studies of SNS developmental plasticity using MSNA may 
be informative in the future, neither of the currently published studies is large enough 
to be conclusive. Furthermore, examination of SNS function at a non-cardiovascular 
site may not be representative of SNS regulation of the cardiovascular system. 
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Figure 4. The parasympathetic nervous system (innervation of the major organs). 
Parasympathetic ganglia are represented as discrete but are usually very close or embedded 
within target organs. 
70 1.4.2.1  Organisation and Function of the PNS 
In mammals, two brains  tern regions regulate peripheral parasympathetic functions. The 
dorsal vagal complex, comprised of the dorsal motor nucleus and its connections, 
controls parasympathetic activity below the level of the diaphragm, whilst the ventral 
vagal complex (VVC) , encompassing the nucleus ambiguus and the retrofacial nucleus, 
controls functions above the diaphragm in organs such as the heart and lungs, thymus 
and other glands and tissues of the neck and upper chest, and specialized muscles such 
as those of the oesophageal complex. The VVC only appears in mammals and is 
associated with both positive and negative regulation of HR, bronchial constriction and 
vocalisation. VVC inhibition is switched off in states of alertness, leading to a decrease 
in cardiac vagal tone and a resulting increase in HR in response to environmental 
challenge. This allows mammals to prepare rapidly for potentially adverse situations 
with higher HRs and metabolic changes without the need for sympathoadrenal 
activation. Cell bodies of preganglionic neurons of the PNS are also located in the 
sacral region of the spinal cord (S3-S4). Thus the parasympathetic preganglionic 
neurons emerge as part of cranial nerves III (oculomotor), VII (facial), IX 
(glossopharyngeal) and X (vagus) and from the sacral region to form part of the 
splanchnic nerve. The parasympathetic ganglia are usually located close to the target 
organ or may be embedded within it. In contrast to the SNS, parasympathetic 
innervation is characterised by long preganglionic and short postganglionic nerves. 
The PNS innervates a number of organs and viscera (Figure 4) including the eye, 
salivary glands, heart and lungs, gastrointestinal tract, genitalia and other viscera. 
Parasympathetic innervation of blood vessels is confined to vasodilator nerves 
supplying salivary glands, the exocrine pancreas, gastrointestinal mucosa, genital 
erectile tissue, and cerebral and coronary arteries. Other blood vessels, the spleen, 
71 sweat glands and pilomotor muscles in the skin are innervated exclusively by the SNS. 
The PNS has exclusive control of focus of the eyes by the ciliary muscles and of 
pupillary constriction by the constrictor pupillae muscle of the iris. Sympathetic 
stimulation dilates the pupil of the eyes by its action on the dilator pupillae muscle of 
the iris. Thus, the iris provides an example of functional antagonism rather than dual 
antagonistic innervation of a specific smooth muscle but with these exceptions, the 
PNS does provide antagonistic innervation of tissues innervated by the SNS. 
Ganglionic neurotransmission in the ANS is cholinergic with postganglionic 
sympathetic and parasympathetic neuronal cell bodies expressing nicotinic 
acetylcholine receptors. These receptors are ligand-gated ion channels which open 
upon binding to acetylcholine and rapidly activate the cell. With the exceptions 
mentioned in section 1.4.1.1, SNS neurotransmission at target tissues is not cholinergic 
but adrenergic. However, as mentioned, some sympathetic neurotransmission and all 
parasympathetic neurotransmission at target tissues is cholinergic and acts via 
muscarinic acetylcholine receptors which are activated by muscarine and inhibited by 
low concentrations of atropine. Like adrenoceptors but unlike nicotinic cholinergic 
receptors, this family of receptors are coupled to G-proteins which, upon activation of 
the receptor, modulate intracellular levels of the secondary messengers: inositol 
triphosphate or cAMP which activate various cellular processes including increasing 
the availability of Ca
2+, either by causing its release from the endoplasmic reticulum or 
by opening ion channels in the cell membrane. From a molecular biological 
perspective, there are five known types of muscarinic receptor. However, from a 
functional point of view, they are divided into three classes: MJ receptors, which are 
mainly located on neurons in the CNS and on peripheral neurons and are involved 
generally in excitation of target tissues. For example, vagal stimulation of gastric acid 
72 secretion is mediated by Ml receptors; ~  receptors, which are found in the heart and 
on the nerve terminals of both eNS and peripheral neurons, cause the negative 
inotropic, chronotropic and dromotropic responses to vagus activation; and M3 
receptors, which are located in secretory glands and on smooth muscle. Activation of 
these receptors generally has an excitatory effect leading, for example, to contraction 
of visceral smooth muscle. The relative activation of these receptor classes may be of 
clinical relevance in a number of conditions including coronary heart disease. Vascular 
endothelial M2 receptors are coupled to the formation of nitric oxide (NO) which is a 
potent vasodilator. In coronary vascular dysfunction where NO production is 
disordered, vasoconstriction caused by the action of acetylcholine on M3 receptors in 
vascular smooth muscle becomes more dominant with implications for coronary blood 
flow. 
The principal parasympathetic neurotransmitter, acetylcholine, is synthesised from 
acetyl coenzyme A (a Kreb's cycle intermediate) and choline (a component of 
membrane lipids derived from dietary sources) by choline acetyl transferase which is 
present in excess in cholinergic neurons. Therefore, the rate of acetylcholine synthesis 
depends largely on the availability of choline. Acetylcholine is removed from the 
synapse (or neuromuscular junction) by acetylcholinesterase found on the external 
surface of the cell membrane, concentrated at post synaptic sites. Additionally, free 
choline is, in part, taken up by a specific transporter in the presynaptic terminal where 
it may be recycled. 
73 1.4.2.2  Development of  the PNS 
Development of the PNS is less well studied than that of the SNS. However, the 
principles of neuron overproduction followed by apoptosis and variable synapse or 
dendritic spine formation that were described in section 1.4.1.1 for the SNS, apply to 
nervous system development in general and are, therefore, likely to be important 
determinants of parasympathetic structure and function as well. Like SNS neurons, 
PNS neurons derive from multipotent progenitor cells from the neural crest. 
Neurotransmitter choice and, therefore, commitment to either cell lineage are 
determined by the complex integration of instructive cues from both intrinsic 
transcription factors and extrinsic growth factors.273 ANS activity increases 
progressively during fetal life and maturation of the PNS occurs earlier and is more 
complete than that of the SNS before birth.274-276 Thus, infants born prematurely have 
significantly lower high-frequency (HF) HRV (a marker of parasympathetic activity) 
than infants born at term and, perhaps surprisingly, this affect persists when they reach 
their predicted term age.277 
Of all the functions of the PNS, control of HR via the vagus nerve is arguably its most 
vital. Studies of human embryos show that cholinergic receptors in the heart are 
functioning from the 4th post-conceptual week.278 Muscarinic cholinergic responses to 
acetylcholine and related agents can be detected from this stage onwards, coinciding 
with the onset of the beating heart in life. Similar studies of SNS function show that 
j3-adrenergic responses to noradrenaline, adrenaline, and related sympathomimetic 
agents appears later, in the 5
th post-conceptual week. As development continues, 
maximal responses to both cholinergic and adrenergic stimulation increase. In this 
early stage of development, other agents such as triiodothyronine and prostaglandins 
also appear to have a role in regulation of cardiac function.278 Despite this early 
74 maturational shift between 33 and 35 weeks of gestation, involving accelerated 
myelination of vagus nerve fibres.
274 It  is perhaps unsurprising, therefore, that a recent 
study of premature delivery suggested that prematurity has consequences for later 
PNS function, with the degree of prematurity predicting lower levels of 
parasympathetic activity and relative PNS immaturity at the infants' theoretical full-
term ages.277 However, despite attempts to ensure that all infants in their study had 
good Apgar scores at delivery, no acute cardiorespiratory illness or congenital 
conditions, and were free of incubator support and medications which might affect 
cardiac or respiratory function by the time of testing, the authors do not address the 
possibility that routine neonatal intensive care, which is likely to be more invasive with 
greater prematurity, might also be responsible for their findings. In either case, the 
study provides evidence of developmental plasticity of the PNS albeit with the 
limitations just mentioned and the necessary reliance on a non-invasive indirect 
measure (spectrum analysis of HP) to indicate parasympathetic activity. 
Very low birth weight « 1500 grams) premature neonates have been compared to 
their full-term normal birth weight peers and found to have significantly lower baseline 
vagal activity.280 Additionally, in a group of premature, low birth weight «  2500 grams) 
neonates with a wide range of the expected medical complications of prematurity, 
lower birth weight and higher scores on a neonatal morbidity scale (Hobel neonatal 
risk scale) in the early stages of their stay in neonatal intensive care predicted 
significantly lower baseline cardiac vagal activity assessed weeks after birth, when the 
neonates were clinically stab1e.
281 
76 precipitate dramatic changes in blood pressure due to gravitational effects on venous 
return. 
In a normotensive, healthy individual, the receptors of the carotid sinus respond to 
pressures ranging between 60 and 180 mmHg (Figure 6). The baroreceptors in the 
aortic arch have a higher threshold pressure and are less sensitive than the carotid 
sinus receptors. Therefore, the carotid sinus receptors are usually the dominant arterial 
baroreceptors. Maximal carotid sinus sensitivity occurs near the normal mean arterial 
pressure (MAP) for an individual. However, baroreceptors also respond to the rate of 
pressure change as well as to the steady or mean pressure. Thus, at a given MAP, 
decreasing the pulse pressure also decreases the baroreceptor firing rate. This effect is 
important during conditions such as hemorrhagic shock where the combination of 
reduced pulse pressure and reduced MAP causes even greater baroreflex responses. 
A common finding in hypertensive individuals is a set-point for their baroreflex which 
is shifted such that it centres around higher than normal arterial pressures. 
Furthermore, as indicated in Figure 6, this is usually accompanied by a reduction in 
both baroreceptor sensitivity and the operating range of the baroreflex, resulting in a 
reduced ability to control fluctuations in arterial pressure. As baroreceptor sensitivity is 
a key factor in determination of the set-point of the baroreflex and therefore, resting 
blood pressure, it may have a role in the development or maintenance of 
hypertension.
285 In general, studies of tissue preparations or short-term studies of 
surgically altered animals have suggested that the baroreflex set-point appears to reset 
quickly in response to changes in resting blood pressure which has led most authors to 
the opinion that it can only be involved in the regulation of short-term blood pressure 
variability.284 However, recent evidence suggests the baroreflex may, in fact, have roles 
79 excretory ability of the kidneys was impaired which would be consistent with a 
baroreflex-mediated increase in RSNA. 
In addition to the arterial baroreceptors, there are a number of other mechanisms by 
which the brainstem reflex networks which control arterial pressure may be 
modulated. The low pressure system, consisting of the atria of the heart and the great 
veins returning to the heart, also contains baroreceptors which feedback information 
on filling pressure on the heart and thus, indirectly measure blood volume. 
Baroreceptors in the left ventricle measure ventricular load and chemoreceptors in the 
carotid bodies, aortic body and medulla respond to arterial CO2 tension by monitoring 
H+ concentration (pH) in the blood with efferent limbs of the chemoreflex affecting 
both HR and respiratory rate and volume. Finally, atrial natriuretic peptide (ANP) 
provides an example of a non-neuronal mechanism by which blood pressure may be 
regulated. In response to raised plasma sodium concentration or volume-induced wall 
stretching in the atria, ANP is released and acts on the kidneys and vasculature to 
increase sodium excretion, reduce renin levels, and inhibit the pressor effects of 
catecholamines and Ang II. 
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Figure 6, Effect of varying arterial pressure on carotid sinus baroreceptor firing rates in three 
hypothetical cases with differing baroreceptor sensitivity. Circular markers A, B & C represent 
the baroreflex set-points for cases with resting mean arterial pressures of 95, 120 & 150 
mmHg, respectively. Alterations in arterial pressure affect carotid sinus firing rate which acts 
through the baroreflex to return arterial pressure to the set-point. Black lines represent the 
maximal slope relating arterial pressure to baroreceptor activity (maximal baroreceptor 
sensitivity) which occurs at the set-point. Case A is normotensive whilst B & C represent 
cases of progressively greater hypertension. Note that the set-point in hypertensives is 
shifted toward a higher blood pressure and that the slope (sensitivity) of the hypertensive 
baroreceptors is decreased. Note also that the operating range of the baroreceptors in B & C 
is narrower than in A. 
83 1.5  Size at  Birth 
and  Neuroendocrine Cardiovascular Control  in Humans 
In the preceding sections of this introduction, I have presented evidence that small size 
at birth and the high-prevalence of the metabolic syndrome and cardiovascular disease 
in adult life are linked. Furthermore, there is evidence that specific neuroendocrine 
systems such as the HPAA and ANS are involved. However, this evidence is limited 
and largely based on animal studies. Therefore, there is a need to address the question 
of how fetal adversity, often reflected by the extent of prenatal growth, affects these 
systems and resultant cardiovascular function in humans. Of particular note is that the 
few studies addressing this question in humans have tended to be small, focused on 
adults, and have generally evaluated only one specific marker of neuroendocrine or 
cardiovascular function, usually at rest. Resting function of these systems may be 
informative but as described in section 1.2.1.4, differences between individuals are 
frequently not seen during rest and become exposed when the control systems are 
activated. As described in section 1.2, a major activator of these neuroendocrine 
systems is psychosocial or mental stress. Therefore, the studies presented in this thesis 
were designed to address endocrine, autonomic and cardiovascular function at rest and 
during stress in both adults and children. 
86 1.6  Hypotheses 
The prenatal environment influences the development of physiological systems whose 
primary role in postnatal life is to respond to environmental stressors. Specifically, the 
HPAA and the ANS effect such responses by controlling metabolic and cardiovascular 
physiology. Therefore, this thesis addresses the hypothesis that prenatal adaptations in 
these systems in response to adverse conditions, reflected by small size at birth, have 
long-term effects on autonomic and endocrine function, which are apparent in 
childhood and adulthood. Following from this, a secondary hypothesis is that such 
adaptations have effects on measurable endocrine, autonomic and cardiovascular 
responses to stress, as well as function during rest, which are compatible with increased 
risk of developing hypertension and cardiovascular disease. 
In subsequent chapters, I present evidence from three allied studies (the latter two 
being from the same subject group) in which the associations between markers of size 
at birth and later autonomic, cardiovascular or endocrine function at rest and during 
stress, were examined. Particular attention has been paid to potential sex differences in 
these associations, given the known sex-disparity in such associations described in 
animal studies (see Sections 1.3.3 and 1.4.1.3). For clarity, a methodological section for 
each of the three studies is presented in their respective chapter. A broader discussion 
of methodological issues is given in Chapter 2. 
Chapter 3 examines data from a study of stress responsiveness in young adults born in 
Adelaide, South Australia carried out by colleagues. Their preliminary findings showed 
that HR and blood pressure responses to mental and psychological stressors were 
greater in women who were small at birth compared to those who were large at birth. 
87 No similar association was found in men. In parallel with their simple analysis of HR 
and blood pressure, I developed more advanced analytic techniques to address 
function of the baroreflex and specific limbs of the ANS. This secondary analysis is the 
first study to show associations between size at birth and baroreflex function in 
humans, and the first to examine all of these parameters in relation to size at birth in 
the same population. 
Chapter 4 and Chapter 5 describe a new study which I carried out looking at both 
HPAA, autonomic and cardiovascular variables at rest and during stress in a group of 
healthy 8-year-old children. These children formed part of a longitudinal cohort study 
of mothers and babies born in Southampton between 1994 and 1996. This study is the 
first of its kind to address prenatal influences on both cardiovascular and endocrine 
function in the same group in childhood. 
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88 therefore, likely to be comparable to, or even exceed, the magnitude of the effect under 
study. For example, in over 500 middle-aged men followed for 20 years, the act of blood 
pressure measurement alone was used as a stressor to identify subjects at risk of 
cardiovascular death. Men with a high blood pressure reactivity ('white-coat' effect) of 
>30 mmHg had a 2 - 3 times greater mortality rate than those that had a small or 
absent response.
304 Even unintended environmental factors may be stressors. For 
example, a study of the effects of typical ambient community noise exposure in healthy 
children showed that noise exposure led to higher resting blood pressure, greater HR 
reactivity to stress, and higher overnight urinary production of cortisol.
305 
These are just a few specific examples of factors which may confound attempts to 
examine the function of stress systems in most individuals. However, there are also 
likely to be many more factors that are based on individual experience. Thus to 
minimise the impact of these factors, a successful study design might require an 
epidemiological approach with larger subject groups than would be appropriate for 
studies of less complex physiology. Additionally, great attention must be paid to the use 
of minimally invasive techniques and standardisation of the subjects' experiences of 
the experimental environment. As discussed elsewhere in this thesis, it is also likely 
that studies of younger subjects will reveal common mechanisms of stress reactivity 
whereas studies of older subjects might obscure such mechanisms as these subjects 
differ too widely in their past experiences of stress, disease and social support. 
This chapter details the methods that I have used in my studies of stress physiology. 
Care was taken to utilise stressors which are as near to universal as is possible and the 
methods by which stress responses were measured were minimally invasive and well-
tolerated by children. It  is also worth noting that past studies of cardiovascular 
90 reactivity, in particular, have focused largely on HR and blood pressure responses.306,307 
These measures of cardiovascular function are an integrated reflection of several 
underlying physiological determinants such as blood volume, vascular function, 
haematological status, thermoregulation and ANS control. As such, they are limited in 
their ability to discriminate the underlying autonomic processes that effect global 
cardiovascular responses.
306
•
310 Autonomic reactivity to a stressor is effected either by 
reduced parasympathetic outflow, increased sympathetic activation or a combination of 
both and may differ by target organ.308,311,JU The resulting increase in HR and blood 
pressure reflects the variable effect of these autonomic changes on both cardiac and 
peripheral vascular targets. Therefore, my studies are relatively unusual in that I have 
used methods that allow a more refined understanding of how underlying autonomic 
and endocrine processes might generate such blood pressure and HR changes in 
response to stress. 
2.1  Stress Induction 
Although the ANS almost invariably reacts to environmental changes, it is a significant 
experimental challenge to provoke an adrenocortical response reliably. A recent meta-
analysis of over 200 studies which examined laboratory-based psychological stress tests 
concluded that reliable and strong stimulation of this axis requires a number of key 
elements to be present.
3I3 Consistent with their proposed theoretical model, this 
analysis suggested that motivated performance tasks elicit cortisol responses if they are 
uncontrollable or characterised by social-evaluative threat (Le. the task performance 
could be negatively judged by others and that the judgement would relate to an aspect 
of self-identity that was important to the subject). Thus the greatest stress responses 
91 the original protocol to increase motivation of the children by offering toys as a 
potential reward for high performance. They were told that the 'best performance seen 
so far' would secure their first choice of a range of toys and that a less adept 
performance would secure their second choice. Of course, they always received their 
first choice. Uncontrollability was a feature of the tasks as the children were 
unaccompanied by their parents and interacted exclusively with the previously unmet 
panel of adults whilst carrying out the tasks. 
Figure 7. A participant undergoing the Trier Social Stress Test for Children. Whilst a series of 
bioamplifiers record continuous electro  physiological measures and a wrist tonometer 
measures arterial pressure, this 8-year-old boy delivers his story for a panel of previously 
unmet 'judges'. 
93 2.2  Salivary Cortisol 
As venepuncture causes an HPAA response, measurement of HPAA axis activity in 
response to the TSST-C requires a non-invasive measure of cortisol. Salivary cortisol is 
ideal for this.31S,316 Concentrations of cortisol in the saliva are a valid and reliable 
reflection of the level of unbound hormone in the blood. 
Techniques for the collection of saliva are minimally invasive and non-painful and 
therefore stimulate little or no response in study participants. There are few 
methodological difficulties with the collection of saliva for cortisol assay. However, 
care should be taken to avoid collection of samples where subjects have recently 
brushed their teeth or have loose teeth leading to bleeding. Therefore, subjects were 
instructed to collect morning samples prior to brushing their teeth and a brief dental 
examination ensured that loose teeth were not bleeding prior to sample collection in 
the clinic. There is evidence that caffeine317,318 and high protein meals319 can stimulate the 
HPAA. Therefore, sample times were carefully organised to precede meals or to follow 
them by at least Il1z hours and subjects were requested to avoid caffeine-containing 
drinks such as cola on the day of sampling. 
Salivary cortisol concentrations were measured using a time-resolved 
immunofluorescent assay (Dissociation-Enhanced Lanthanide Fluorescent 
Immunoassay; DELFIA).320This assay has a lower limit of detection of 0.4 nmol/l and 
an inter-assay coefficient of variation of 5-10% between 2 and 15 nmolli. Time-
resolved fluorometry provides a simple, sensitive and robust alternative to assays which 
use radio  nuclide labels. When light hits a fluorophore molecule, it is absorbed and 
emitted with less energy to produce fluorescence at a longer wavelength. Basic 
94 Figure 8. A mobile equipment station for the safe continuous recording of cardiovascular 
parameters. Many stress protocols such as a the TSST-C require relocation of a subject from 
a restful environment to a stressful one. As a result, such studies in the past have not 
generally recorded continuous measures of cardiovascular function due to difficulties of 
equipment mobility. Laptop computers (upper left) use < 20V internally and are therefore 
safer and less precarious than cathode ray tubes and desktop machines which have the 
potential to deliver a high voltage shock (i.e. during a water spillage). The Vasotrac 
continuous blood pressure tonometer (upper right) and the BIOPAC bioamplifiers and 
analogue-digital converter were mounted in restraining blocks. All leads going from the 
station to the subject were bound in a flexible sheath and attached to the side of the trolley 
by a strong elastic connector. This allowed for some shock absorbance to prevent damage 
to the equipment in the case of the subject moving too far from the station. The subject-end 
of this set of leads was clipped to the waistband or belt of their clothing, preventing strain on 
electrodes and skin from the weight of the leads. On the lower level of the trolley (not 
pictured), an uninterruptible power-supply provided power when mobile and when not 
mobile, this was charged from mains electricity via an  isolation transformer. All cabling was 
carefully tied to the trolley to prevent accidental snagging during mobile use. When mobile, 
the children followed the trolley to prevent falls. 
The TSST-C, in common with many psychological stress protocols, requires subjects to 
experience the stressor in a different room from that in which they prepare and spend 
the rest of their time. This poses a considerable experimental challenge, requiring 
complex recording equipment to be safely mobile. Although there are wearable devices 
in development, there is currently no miniaturised device or set of devices which would 
97 allow the continuous recording of EeG, thoracic impedance and blood pressure in 
children. Therefore, I devised a mobile equipment station (Figure 8) for this purpose. 
Figure 9. An event marker for accurate timing of key occurrences during the experimental 
protocol. Many psychological experiments require accurate timing of events such as the 
beginning and end of different segments of a protocol or elements of subject behaviour. A 
bank of switches was connected to an array of resistors and powered by the BIOPAC 12V 
output allowing ten 1  V levels (up to ten types of event) to be recorded on a single channel 
of the BIOPAC. Experimental error is common with event-marking and even experienced 
investigators forget to appropriately mark events on occasion. It is often possible to infer 
from existing markers where a missing marker should be (events are often separated by a 
fixed time interval). Data from the study in Adelaide had only a single marker type making 
this impossible in some cases. Although missing markers was an infrequent problem in my 
study, the multiple marker types facilitated reconstruction of the missing events in all 
cases. I wrote software in MATLAB (The Mathworks Inc.,  Natick, MA, USA) to automatically 
identify the square-wave switch pulses in the output signal, their level and their time of 
onset to the nearest millisecond. Thus events were precisely time-aligned with the 
physiological signals. 
98 I implemented an algorithm to identify potentially erroneous beat detections on the 
basis of sudden changes in inter-beat intervals which most often occur when the beat 
identification algorithm has made an error or when ectopic beats or arrhythmias occur 
(Figure 10).330 This has a detection rate of> 99.9% and a false detection rate of 
approximately 0.3%. In order to ensure that all beats were correctly identified, I wrote 
an ECG editing tool which allows each record to be scrutinised and beat detections to 
be edited as required (Figure 10). Therefore, all beats in all recordings were correctly 
identified at the end of this process regardless of which initial algorithm was used for 
their automated detection. Data from the impedance cardiograph was also discarded 
for beats where the ECG complex was discarded. Although this was occasionally due 
to severe noise contamination, the most common reason for this was an abnormal 
cardiac cycle due to an ectopic beat. 
Detection of other features of the ECG waveform such as the T wave and its 
termination require more sophisticated analysis as these features have a lower 
frequency and amplitude than the QRS complex which are more similar to the 
frequency and amplitude of common sources of noise. The most capable published 
method relies on wavelet decomposition of the ECG signal to identify these features at 
varying scales (frequencies).331.333 Wavelets are discussed in greater detail in section 
3.1.1.1. I implemented this method which proved to be highly reliable for 
determination of the T wave endpoint with a sensitivity of> 99.2% and a positive 
predictive value of> 98%. Maximal error in determination of the T wave endpoint was 
two samples (2 ms). Performance remained high in the presence of significant noise 
contamination but manual oversight and editing was used when necessary. 
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Figure 10. EGG beat detection and editing using semi-automatic analysis. This figure 
shows a screen capture of the MATLAB application which I wrote to view EGG recordings, 
remove ectopic beats from the analysis and edit erroneous beat detections. Although this 
shows EGG data, I wrote a modified version which allowed the same tasks to be carried out 
using continuous arterial pressure waveforms from the Portapres (see section 2.5.1). The 
top window shows heart period (the interval between adjacent beats), the middle window 
shows the complete EGG recording and the lower window shows a local magnification of 
the data allowing the waveforms to be scrutinised. The position of this magnification in the 
complete recording is indicated as a thick green bar in the middle window and as a red bar 
in the top window and the event markers (beginning and end of rest and stress periods) are 
shown as thin red lines in the middle window. Red circles in the middle window show where 
the automatic error-detection algorithm found sudden discontinuities in adjacent heart 
periods which are likely to represent misdetections or ectopic beats. These can be clearly 
seen in the top window as large spikes. In the lower window, green triangles indicate 
correct detections of R waves and red diamonds indicate detections of beats which 
surround questionable heart periods. The culprits in both cases here are erroneous flagging 
of P or T waves as R waves. The editing application was used to correct these. The pink 
squares were used to edit RR intervals. 
102 2.5  Blood  Pressure Measurement 
Continuous accurate non-invasive blood pressure measurement in psychological stress 
studies is possible but the available technologies all have limitations. Oscillometric 
techniques which rely upon inflation of a cuff worn about the upper arm exert high 
pressures (> 200 mmHg) in order to reliably measure MAP from the brachial artery. 
The time required for inflation and deflation of the cuff and the discomfort 
(particularly in children) induced by this limit maximal rates of estimation of blood 
pressure to 1 - 2 measures per minute with such devices. Extended use of these devices 
is also limited by the cumulative discomfort that they cause. This thesis presents data 
measured using two alternative technologies: finger arterial pressure plethysmography 
and radial artery tonometry. The former causes minimal discomfort initially although 
this increases with extended use and is particularly advantageous because it produces a 
continuous arterial waveform whilst the latter is extremely comfortable even with 
extended use but relies upon an intermittent technology with a maximal rate of 
approximately 1 measure per 10 seconds. The finger artery measures are not greatly 
disturbed by motion artefact but unfortunately are not possible in young children 
because the finger cuffs required are not available in a suitable size. The tonometry 
measures provide accurate, self-calibrated measures in both adults and children but the 
technology is sensitive to motion artefact and careful positioning of the sensor. 
103 waveforms. To address this issue, I designed a wrist splint which held the hand and wrist 
firmly but gently in a position of mild extension (Figure 13). This substantially 
improved the ability of the Vasotrac to measure blood pressure during the stress tasks. 
Figure 13. A heat-moulded plastic wrist splint to minimise the influence of movement on 
radial arterial pressure measurements. Although the Vasotrac is considerably more motion-
tolerant than other blood pressure tonometers, movement of the hand and wrist frequently 
results in a failure to reliably detect blood pressure waveforms. The self-calibration sweep of 
the sensor assembly takes some time to complete and therefore, unlike other tonometers, a 
missed recording is costly in terms of time between measurements. Children, in  particular, 
move during stress. Therefore, there was a requirement for a mechanism to minimise this 
problem. I designed a wrist splint using heat-mouldable plastic, memory foam padding and 
soft Velcro straps to comfortably hold the subjects' hands still during the experiment. A 
channel at the back of the splint prevented it from impinging on the strap of the Vasotrac. 
The thumb was separately restrained and finger straps and a palm block held the fingers 
and hand in  place. 
To further reduce motion artefact and to make this assembly comfortable for 
prolonged wearing, I designed a sling (Figure 14) to support the arm in relaxed flexion. 
107 \1 
~ 
experiment. Thus, any error in pressure estimation at the wrist due arm movement 
relative to that point was removed. 
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Figure 15. A device for hydrostatic correction of radial arterial pressure readings for 
alterations in the distance between the heart and the wrist. Although the arm was held in 
place with a cuff, there was still potential for arm movement relative to the heart. This device 
was secured to the measurement arm such that the pressure sensor was attached to a 
common reference point on the upper arm at the level of the insertion of the deltoid tendon 
(heart level). For pressure sensing, a commonly available disposable arterial line kit (TruWave 
Disposable Pressure Transducer, Edwards Lifesciences LLC, Irvine, CA, USA) was rewired 
for connection to the BIOPAC. One end of the water-filled tube was sealed whilst the other 
was left open to the air and attached to the wrist at the level of the radial artery allowing a 
continuous measurement of the pressure difference between the wrist and heart level. The 
tubing was flushed, refilled, checked for air bubbles and recalibrated daily. The output signal 
was filtered with a low-pass filter and found to track height changes quickly and accurately. 
109 2.6 Frequency Analysis of  Cardiovascular Signals 
Since the early 18
th Century, physiologists have noted the existence of regular 
oscillations of HR and blood pressure. Initially, Stephen Hales,341 an eminent 
respiratory physiologist in London and Albrecht von Haller,342 a Swiss anatomist and 
physiologist, noted oscillations in both parameters occurring at the respiratory rate 
whilst over a century later, Siegmund Mayer,343 a German physiologist working in 
Vienna, reported additional oscillations at frequencies slower than the respiratory rate 
which he suggested were related to vasomotor activity. Since then, a wealth of studies, 
most recently employing sophisticated power spectrum analysis (frequency analysis) 
using computers, has made it apparent that these fluctuations are not merely 
undesirable noise but rather represent a rich source of information about the 
mechanisms of cardiovascular control.344-348 This control relates principally to the 
regulation of blood pressure and the homeostatic mechanisms which act perpetually to 
maintain blood pressure at a steady level. Achievement of this aim requires the action 
of the ANS, including the baroreflex, on both the heart and vasculature and it is likely 
that, as for many active control systems, a small degree of oscillation is required for 
these control systems to act efficiently. 
Through monitoring of beat to beat HR and blood pressure, as described elsewhere in 
this chapter, these fluctuations can be quantified either by simple non-specific 
measures such as a calculation of variance (or standard deviation) of their average 
values or, more recently, by frequency domain analysis.
349 When the latter technique is 
employed, it is apparent that there at least three significant cardiovascular oscillations 
with a period shorter than one minute. The first of these occurs at frequencies around 
0.2 to 0.4 Hz, a frequency range similar to that of normal respiratory activity, and is 
110 stretch of the atria due to respiratory activity. However, this effect is very small in 
comparison to nervous system-mediated effects and is generally disregarded. As 
powers at frequencies below 0.15 Hz relate to the activity of both limbs of the ANS, 
they are likely to be less reliable indices of the modulatory activity of either one, 
although in many behavioural and clinical circumstances, high correlations between LF 
band power and other indices of sympathetic activity have been observed.
360
,361 
2.6.2.2  Interpretation of Blood Pressure Spectra 
There is conflicting evidence on the origins of HF oscillations in blood pressure. Whilst 
some studies suggest that these oscillations arise as a consequence of oscillations in CO 
mediated by vagus nerve modulation of HR at this frequency,lSl other studies point out 
that HF power of blood pressure oscillations is not substantially reduced in patients 
with denervated donor hearts.
359 This has led to the suggestion that these oscillations 
are caused by the mechanical effects of respiration on the pressure gradients, size, and 
functions of the heart and large thoracic vessels.
358 
There is likely to be little or no influence of HRV upon blood pressure oscillations in 
the LF or VLF regions because combined atropine and propranolol administration 
eliminates only a small fraction of blood pressure variability below this frequency. 
Therefore, it is likely that power in the LF region (0.05 to 0.15 Hz) is largely 
determined by the strength of fluctuations in vasomotor tone and SVR. Power of blood 
pressure oscillations in this frequency band have been shown to increase with 
laboratory stimuli which increase sympathetic cardiovascular influences, such as head-
up tilt or mental stress, and decrease with conditions which decrease sympathetic 
cardiovascular influences, such as sleep or a-adrenergic blockade.
345
,353,362 It  is reasonable 
115 The power of ARMA models is that they incorporate both AR terms and moving 
average terms. When applied to cardiovascular data, a multivariate AR model of order 
p expresses current HP as a weighted mean of  p previous values of HP, p previous 
values of SAP, and white noise. This approach imposes a causality constraint (HP can 
only be predicted by past values of HP and blood pressure) and accounts for non-
baroreflex related changes in HP because it is predicted not only by blood pressure but 
also by its previous values. The weightings are estimated iteratively to minimize the 
error between the actual HP values and the values predicted by the model using a 
recursive least squares algorithm. From the estimated weightings, the causal transfer 
function (similar to a ratio) between SAP and HP is estimated and the baroreflex 
sensitivity indices are computed for the different frequency bands. Baroreflex gain is 
then estimated as the mean gain of the transfer function in the LF band for frequencies 
where coherence is high (> .5). The method used in this thesis is an adaptive version of 
the multivariate AR model which differs from the standard version only in the way in 
which the weightings are estimated. In the standard approach, weightings are estimated 
once for a given epoch of HP and SAP data yielding an average measure of the 
transfer function for that time period. In the adaptive approach, estimations of the 
weightings are made for each sample of the HP signal, taking into account the 
previously estimated weightings and the previous values of HP and SAP, yielding a 
continuous measure of the transfer function. 
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Figure 17. Time-frequency analysis of the relationship between systolic arterial pressure and 
heart period using a bivariate adaptive autoregressive model to determine baroreflex 
function. The causal transfer function (indicating baroreflex gain) between systolic arterial 
pressure and heart period is shown with colour representing the range of low to high values 
in a blue, green, yellow, red, red/brown sequence. Men and women show a high gain in both 
the low and high-frequency bands at rest (0.05 - 0.15 Hz and 0.1 5Hz to 0.4 Hz, 
respectively), representing strong baroreflex control of blood pressure. However,  this 
diminishes during three stress tasks (Stroop, Mirror and Speech - see Chapter 3 for a full 
description), particularly at their onset, representing reduced baroreflex control of blood 
pressure during stress. 
Figure 17 shows how the transfer function between SAP and HP at frequencies up to 
0.5 Hz evolved over time during a study of stress in men and women from Adelaide, 
Australia (see Chapter 3) by graphing the mean of their values by sex. The red/brown 
regions highlight strong causal links (high transfer function or gain) between SAP and 
HP in both the LF and HF bands which are more apparent at rest. These strong links 
diminish (low gain is indicated by blue/green regions) in both the LF and HF bands 
during the three stressful tasks (see Chapter 3 for a complete description of the study), 
particularly in the early part of each task. As the baroreceptor-HR reflex mediates the 
causal link between SAP and HP in this direction, a reduction in this transfer function 
reflects a reduction of baroreceptor reflex gain or sensitivity.J72 
120 2.7  Thoracic Impedance Cardiography 
Thoracic impedance cardiography has now been around for over forty years. Yet 
despite a considerable literature on the technique and advances in the signal 
processing required and the technology underlying it, it has struggled to gain 
acceptance in a clinical environment. To some extent, this is justified as the technique 
has limitations which appear to particularly affect its accuracy when it used in the 
critically ill or individuals with heart defects such as valvular insufficiency or septal 
defects. Given that a substantial proportion of the early validation studies were 
performed in exactly these types of patients, perhaps it is not surprising that the 
disappointing results were so influential on the opinions of clinical users. 
Despite these setbacks, the technology has enjoyed a strong interest in academic 
research which continues to this day and improvements to the methodology have led 
to a slow return of interest in impedance cardiography in specific clinical settings. For 
example, it is now being used successfully in a clinical outpatients setting to advance 
fh  .  373-375  dh  .  k 376 '  h'  d  management 0  ypertenslOn  an  ypertenslVe stro  e,  to Improve t  e tunmg an 
performance of multi-chamber pacemakers in patients with heart failure,377 and to 
assess the effect of various temporary pacing strategies on cardiac performance during 
cardiac catheterisation prior to implantation of a permanent pacemaker.
378 
A meta-analysis of 154 studies of the validity of impedance cardiography showed a 
correlation of .82 (95% CI of .80 - .84) with reference methods such as thermodilution 
or the indirect Fick method for determination of Co.
379 Indeed, this figure almost 
certainly underestimates the accuracy of impedance cardiography in healthy subjects 
for two reasons: The meta-analysis confirmed the expected worse performance of the 
121 thoracic impedance measures of CO in children with ventricular septal defects.
385 
However, more recent studies in animals and humans suggest a range of possibilities.
386 
With the general consensus being that changes in blood volume in the vena cava, atria, 
ventricles, aorta, thoracic musculature, and lungs all contribute to the signal.
387 A critical 
analysis of the various hypotheses concerning the origin of the cardiac impedance 
signal concluded that it was due to cardiac haemodynamics only and reflects changes in 
both blood volume and blood velocity.388 Thus, rapid movement of blood during 
ventricular ejection was postulated as the primary source of the signal during systole 
whereas the changing volume (mainly of the atria and great veins) was postulated as 
the dominant source of the diastolic portion of the impedance curve. Thus perhaps one 
of the greatest limitations of impedance cardiography is that the source of the signal is 
not accurately known. 
The two-compartment model is clearly a gross simplification of thoracic anatomy and 
the assumed cylindrical geometry is also a highly simplified approximation which might 
be expected to vary in accuracy according to body habitus. As a result, alternative 
models have been used which attempt to deal with these factors by modelling the 
thorax as a truncated cone adjusted according to parameters such as age, sex, weight 
and height.
389
,390 However, unlike the Kubicek model, these models are likely to be 
erroneous in the presence of pulmonary oedema
391 and meta-analysis of validation 
studies comparing these approaches suggests that, if anything, these more recent 
models are less accurate than the original one.
379 
128 recording electrodes is desirable for comparison of measures derived only from Z 
or IddZI.  ,it is unnecessary for measures of SV. 
t  mID 
The second consideration regarding electrode placement is likely to be more 
important. One of the assumptions of the model is that there is a uniform distribution 
of excitation current density across the volume of tissue being examined. Thus 
variations in electrode positioning relative to one another and relative to the 
underlying thoracic anatomy might alter excitation current pathways and the resulting 
measures of impedance. To meet these criteria, at least 3 cm separation is required 
between the current inducing electrodes and the voltage sensing electrodes.
388 
Initially, researchers met these requirements by using circumferential band electrodes 
with both upper electrodes placed on the neck. This arrangement has a number of 
disadvantages, however, particularly with regard to its use in children. Children have a 
shorter neck than adults making adequate separation of the voltage and current 
electrodes difficult or impossible in some cases. Furthermore, the band electrodes can 
cause considerable discomfort especially when placed around the neck.
399 Finally, spot 
electrodes can be placed in areas less prone to movement artefact and therefore offer 
better signal-to-noise ratio than recordings made using band electrodes.
401 As a result of 
these considerations, various spot electrode arrays have been compared with band 
electrodes. In my study, I have used an optimal spot electrode array (Figure 18) 402,403 
which produces estimates of SV that compare as well with reference method estimates 
as those obtained using band electrodes (r = .9)404 and is better tolerated by young 
children. 
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Figure 20. A laser device for determining the height of points on the curved surface of a 
standing subject. This consists of a drip-stand modified such that when sited on a level 
surface (checked with a spirit level), the vertical pole is precisely 90 degrees to the horizontal 
plane. On this pole, a horizontal arm travels and can be fixed in place with a screw. This arm 
was precisely 90 degrees to the pole. Thus, the arm travels parallel to the floor at all times. 
At the end of the arm, a modified laser-pointer is mounted and adjusted with a fixable 
universal joint to be precisely level. This was checked with a spirit level and by moving the 
stand to a series of positions on the floor whilst confirming that the beam cast by the laser 
pointer remained at a fixed height. 
133 Figure 21. Demonstration of the laser-levelling device in use. In practice, the device was 
used on a level hard floor (laid with self-levelling compound). The subject's height was 
measured whilst they stood on a stadiometer having been positioned appropriately for 
height measurement with their head in the Frankfurt plane and their neck supported by an 
assistant. With the subject still in this position, the height of the electrodes which were fixed 
according to anatomical landmarks was determined by casting the laser point on the 
landmarks and then onto the ruler of the stadiometer. A computer calculated the positions of 
the other electrodes and these positions were 'read off' the stadiometer before the beam 
was cast onto the skin and marked with a skin marker. 
134 2.8  The POot Study 
The study of children presented in thesis was novel both in design and execution. 
Although most of the protocols and technologies had been used separately in the past, 
they had not been combined in the same way before and there was no data on how 
children might respond to the TSST-C in terms of the cardiovascular variables which I 
had chosen to study and only a very small amount of data on HPAA responsivity in 
this age group. Additionally, at the time of study design, there was no data in adults or 
children relating measures of prenatal growth to stress responsivity. Therefore, I 
carried out a pilot study in 20 healthy children (9 boys and 12 girls) recruited from a 
local school. No perinatal data was available for these children. Because the protocol 
for the pilot study was essentially identical to the protocol presented elsewhere in this 
thesis, I will not repeat it here. The principal differences were the age range of the 
children (7 - 10 years) which was less tightly bounded than in the main study and the 
use of paper data recording and manual timing. For the main study, I designed a 
computer program running on a laptop using Microsoft Access forms and computer 
timing to ensure accurate and direct data entry. 
The pilot study allowed the technologies to be refined and the complex protocol to be 
accomplished smoothly before the onset of the main study. The pilot study confirmed 
that the approach was valid with the children demonstrating consistent haemodynamic 
and endocrine responses to the TSST-C of a similar magnitude to those later seen in 
the main study. This allowed an estimate of an appropriate sample size for the main 
study to be made. 
135 Table 3. Power calculations at the 90% level for 40, 60 & 80% recruitment rates from a 
possible total of 374 children. 
TSST-C response  Sample Size (subjects) 
variable 
150 (40%)  225 (60%)  300 (80%) 
Salivary cortisol 
3.1  2.5  2.2  (nmol / I) 
Systolic arterial 
pressure  4.0  3.3  2.9 
(mmHg) 
Values are beta coefficients that could be detected with 90% power in a linear regression 
model at the .05 significance level with birth weight in kilograms as the predictor, having a 
standard deviation of 0.52 kg, and the outcome variables expressed as increments between 
levels at rest and those during stress. 
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137 well-known marker of cardiac sympathetic stimulation) was shown to account for 63% 
- 83% of the association between birth weight and blood pressure. Although human 
studies are often limited to general indicators of prenatal adversity such as size of the 
offspring at birth, animal studies implicate a number of processes which may account 
for the findings in human studies. Manipulations of the maternal environment such as 
251,252  d  d·  I  254  I  .  d·  255  d  exposure to stress,  re  uce  enVlronmenta  temperature  or ow protem  let,  an 
the fetal environment such as hypoxia256 or surgical induction of placental 
insufficiency257 produce evidence of increased SNS function at rest and during stress 
and alterations in target organ innervation in the adult offspring. However, the picture 
of associations between prenatal insults and later SNS function emerging from animal 
studies is not without its apparent contradictions
258 which may be accounted for by 
variations in the species or sex,261 type of insult, timing or duration of insult, or 
methodological approach used. Thus, further clinical studies which account for factors 
such as sex are required to establish the impact that programming of SNS function 
might have on human health. 
In this study, I have used spectrum analysis to derive indices of sympathetic and 
parasympathetic HR and blood pressure control. The actions of these limbs of the ANS 
on the heart and vasculature are partially separable in the frequency domain, with 
distinct low and high frequency bands associated with HR and blood pressure 
variability.349 Estimates of spectral power in these bands yield indices relating to 
autonomic cardiovascular control. I assessed baroreflex function using a model which 
quantifies the strength with which spontaneous variations in blood pressure influence 
subsequent variations in HR.371 
139 values representing a shift towards sympathetic activation. Both sexes showed a 
significant shift towards sympathetic activation during the Speech task with respect to 
rest but men (Table 4a) also showed a significant shift in the opposite direction during 
the Mirror task. In both sexes, a was significantly lower during the three stress tasks 
than at rest, representing diminished baroreflex cardiovascular control as HR and 
blood pressure increased. 
There were no significant relationships between birth weight and the cardiovascular 
parameters in men (Table Sa). However, in women (Table Sb), low birth weight was 
associated with greater SAP during the stress tasks and greater stress-induced 
increases in SAP and HR with respect to resting levels. Both sympathetic activation, 
indicated by SAP'f and HPratio' and parasympathetic withdrawal, indicated by HPhf' were 
greater in low birth weight women. Furthermore, low birth weight women 
demonstrated reduced baroreflex sensitivity (a) during the Stroop and Speech tasks, 
suggesting decreased autoregulation of blood pressure during stress. As evidence for 
increased sympathetic activation was also present at rest in the low birth weight 
women, this may represent an underlying characteristic that explains their exaggerated 
HR and blood pressure responses. The three key findings of increased sympathetic 
activation (SAP'f)' greater parasympathetic withdrawal (HPhf) and decreased 
baroreflex control (a) during stress in the low birth weight women are illustrated in 
Figure 22 (lower panel). The absence of similar associations between these parameters 
and birth weight in the men is illustrated in the upper panel of this figure. 
144 To elucidate the pattern of fetal growth that predicts these cardiovascular responses in 
women, I examined the associations between other neonatal measurements and 
cardiovascular function during stress. Table 6 shows relationships between size at birth 
and estimates of the combined effect of the three stress tasks on cardiovascular 
parameters. These were calculated using a repeated measures approach. Gestational 
age was not found to be a significant predictor of cardiovascular outcomes. The effects 
of low birth weight were paralleled by short body length and small head circumference. 
In further multiple regression analysis, I allowed for the confounding factors previously 
adjusted for in Table 5 (BMI, investigator, phase of menstrual cycle, resting HR) 
together with other potential confounding factors (smoking status, oral contraceptive 
pill use, IRSD, CES depression score and educational achievement). The findings 
presented in Table 6 remained largely unaltered in this further analysis. Relationships 
between birth weight, for example, and SAP (r =  .37, P < .05), SAP increment from 
rest to stress (r =  .28, P < .05), SAPIf (r =  .48, P < .001), HPratjo (r= .41, P < .001), and a. 
(r = .28, P < .05) during stress were generally strengthened whilst relationships 
between birth weight and HR (r =  .09, n.s.), HR increment from rest to stress (r =  .21, 
n.s.), and HPhf (r =  .19, n.s.) were somewhat weakened. 
3.3  Discussion 
In this study, I have shown that the associations between small size at birth and 
increased HR and SAP responses to psychological stressors in women may have their 
origins in autonomic cardiovascular control and baroreflex function. The major 
findings (Figure 22) were that those with low birth weight showed increased measures 
of sympathetic activation both at rest and during stress (as evidenced by SAPIf in Table 
5b & Table 6), reduced parasympathetic activity (reduced HPhf) and reduced baroreflex 
149 sensitivity (a). These findings were strongly statistically significant and in multiple 
regression analysis were independent of potential confounders such as obesity, 
smoking, socioeconomic status and depression. The similar associations found with 
other measures of neonatal size and the absence of significant relationships with 
gestational age suggest that these associations are due to growth restriction rather than 
untimely birth. In contrast, no significant relationships between size at birth and these 
cardiovascular parameters were found in the men (Table Sa). 
These findings add to the previously published human evidence showing that indices of 
sympathetic function, including resting pulse rate,413 PEP,270 and MSNA271  are associated 
with fetal growth. This is supported by evidence from animal studies showing that, in 
models of placental restriction in sheep422 and rats,261 the developing SNS is modified 
such that the adult animals display different SNS function during stress. Indeed, in the 
study of rats, this association between birth weight and SNS function was limited to 
females, supporting the sex differences found in my study. Interestingly, many models 
of the effects of fetal growth restriction on the physiology of blood pressure control 
show sex differences which are currently unexplained. A striking finding in my study 
was that the association between birth weight and cardiovascular control in the women 
was confined to the luteal phase of the menstrual cycle. Several studies423 suggest that 
hormonal responses to stressors are increased in the luteal as compared with the 
follicular phase. It  is therefore of great interest that some recent animal studies
424 
showed that menstrual phase influences the effects of early growth restriction on 
hormonal responses to stressors. 
150 A novel finding in my study was that measures of birth size were associated with 
altered baroreflex sensitivity in women. This is the first evidence of such a relationship 
in humans and is supported by a recent report from a study in sheep.4zs Evidence is now 
emerging that the baroreflex may playa vital role in the long-term regulation of 
autonomic cardiovascular control.
285 Lifelong effects on baroreflex function resulting 
from fetal growth restriction might explain some of the associations found between 
size at birth and adult SNS and PNS function. 
As with previous studies using similar techniques,426 both men and women showed a 
significant increase in HR and SAP in response to stressors (Table 4). Furthermore, the 
underlying changes in autonomic and baroreflex parameters were similar for men and 
women. However, although strong relationships between these parameters and size at 
birth were present in women, this was not the case for the men. Men and women are 
known to differ in their autonomic cardiovascular control mechanisms. Women 
demonstrate a relatively reduced sympathoadrenal response to stressors, as indicated 
by lower MSNA during orthostatic stress427 and reduced levels of circulating 
noradrenaline and adrenaline during stress428-
430 compared to men. Animal studies 
support this with evidence that regulation of the SNS in females differs from that in 
males at severallevels.
431  Central control of sympathoadrenal function is different in 
females. Responses to stressors vary with phase of menstrual cycle and pathways 
regulating adrenal release of adrenaline are less sensitive to excitatory stimuli and 
more sensitive to inhibitory stimuli than they are in males.
431 
151 Despite reports of sex differences in arterial baroreflex sensitivity in humans432
-435 and 
animals,436 no clear consensus has emerged as to the strength or direction of the 
relationship between sex and baroreflex sensitivity. Some studies have failed to find a 
difference in baroreflex sensitivity between sexes.4370439 Observations431 that female pro-
restrous rats exhibit greater baroreflex sensitivity while restrous or direstrous rats 
exhibit lower baroreflex sensitivity when compared to males may go some way to 
explaining the conflicting findings of other studies which do not control for phase of 
menstrual cycle in the females. Noradrenergic neurotransmission also differs between 
sexes. Vascular responses to direct adrenergic nerve stimulation in rats is greater in 
males than females
440 and this sex difference in vascular reactivity is abolished by 
ovariectomy.441 In humans, women also demonstrate a greater plasma adrenaline 
clearance than men after an exogenous dose of adrenaline.442 In general, it appears that 
females are better able than males to limit SNS activation and enhance SNS inhibition 
and that this difference is dependent on phase of menstrual cycle. The observation
426 
that the sex difference in cardiovascular responses to stressors is less marked or 
disappears in older women, likely to be post-menopausal, supports the idea that sex 
hormones play an important regulatory role governing autonomic function during 
stress in women. Therefore, one possible explanation of my findings is that growth 
restriction impairs these protective mechanisms in women resulting in SNS function 
during stress that is similar to that in men and therefore, increased blood pressure and 
risk of hypertension. 
152 The men and women who took part in this study were a random sample of healthy 
individuals recruited from an established cohort. The sample was stratified to ensure 
that a representative group was studied. A potential limitation of this study is the use 
of the Portapres to derive HP. A small-scale comparison of finger plethysmography 
with ECG showed a high correlation between these methods at rest, a minimal 
reduction in correlation during stress for LF power analysis but a modest reduction for 
HF power analysis.
443 The Portapres outputs pulse waveforms sampled at 100 Hz and 
beat times are estimated by identifying the foot of the pulse onset. As the pulse foot is 
less well defined in time than features of the ECG, this data is therefore less accurate, 
particularly in the HF band. Therefore, associations between measures of size at birth 
and spectral parameters are likely to be underestimated in my study, particularly with 
respect to the HF band. However, the indices of cardiovascular function (Table 4) are 
consistent with reported values in previous studies of men and women in this age 
group.444 
Although both the Stroop and mirror tasks are recognised stimulators of 
sympathoadrenal function, an unexpected finding was that LF variability of both heart 
period (HPI!) and systolic arterial pressure (SAPI!), both indicators of sympathetic 
function, declined during these tasks. It  is possible that the youth and relative fitness of 
the adults who took part in this study may account for this. Young, fitness-trained 
adults have been shown to demonstrate greater reductions in parasympathetic tone 
and lower increments in sympathetic tone than their untrained peers in response to 
mild mental stress.
44S Therefore, it is possible that the two milder stressors in this study 
(Stroop and mirror) produced this pattern of autonomic response in the majority of 
the subjects which, given that LF power is affected by both parasympathetic and 
sympathetic activity, resulted in a reduction of LF power during these tasks. In contrast, 
153 the more stressful speech task, which caused greater blood pressure and HR responses, 
may have stimulated a more dominant response of the SNS and an overall increase in 
LF power. Finally, some care should be taken in drawing comparison between the 
values for LF and HF power in my study with those of other studies. The WPT 
technique which I used separates these two bands at 0.18 Hz rather than the more 
typical 0.15 Hz leading to potential differences in the quantification of power in these 
bands. However, I found that the higher cut-off still fell close to the minimum power 
between the two spectral peaks and therefore was unlikely to have a significant impact 
on estimates of power in the two bands. 
In summary, this study shows strong relationships between impaired fetal growth and 
autonomic cardiovascular control, which are restricted to women. There is evidence of 
modulation of sympathetic, parasympathetic and baroreflex function (Figure 22). 
Because these findings appear to be affected by the menstrual cycle, it is likely that 
interactions between fetal growth and adult gonadal hormone secretion mediate these 
effects. 
, '.  ~  "', '1 
154 2.1.1) and increased motivation by offering toys as a potential reward for high 
performance. As they were unaccompanied by their parents during the TSST-C, 
uncontrollability was also increased. It  is increasingly apparent that many of these 
factors alter HPAA activity in a sex-specific manner.4S0 Therefore, I studied both sexes 
separately. 
4.1  Methods 
I recruited healthy children (68 boys and 72 girls, aged 7 - 9 years - see Appendix B for 
recruitment letters) who have been followed since 12 weeks of gestation when their 
mothers took part in a study of children born in Southampton, UK.
4S1  In that study, the 
mothers were visited at home by trained research nurses in late gestation (median of 
32.7 weeks) and asked about their menstrual history and smoking habits during 
pregnancy. Their height and triceps skin fold thickness were measured with standard 
techniques and their first recorded pregnancy weight was used to calculate their BMI. 
A food frequency questionnaire was administered which assessed the average 
frequency of consumption of 100 foods or food groups in the three months preceding 
the visit. The nutrient content
4S2
-
4SS of a standard portion of each food4S6 was multiplied 
by its frequency of consumption to calculate average daily nutrient intakes. At birth, 
the children's weight, length, head circumference and placental weight were measured 
with standard techniques and duration of gestation was estimated from menstrual 
history and ultrasound scan data using a standard algorithm.
4S7 During a follow-up visit 
to the children's homes in late infancy (median age 11 months), their weight was 
measured again. Table 7 shows the birth and current characteristics of the subjects by 
sex. 
156 Table 7. Birth and current characteristics of 
the 8-year-old participants (median and interquartile range). 
Boys (N = 68)  Girls (N = 72) 
Birth characteristics 
Gestational age (days)  281  (12)  281  (16) 
Birth weight (kg)  3.62 (0.47)  3.41  (0.66) 
Placental weight (kg)  0.57 (0.13)  0.55 (0.16) 
Length (cm)  50.8 (3.0)  49.4 (2.5) 
Head circumference (em)  35.7 (1.7)  34.8 (1.9) 
Ponderal index (kg.m-~  27.0 (2.9)  28.2 (3.2) 
Current characteristics 
Age (years)  8.9 (0.5)  8.8 (0.7) 
Weight (kg)  28.9 (8.1)  29.5 (5.9) 
Height (cm)  134.4 (9.2)  131.4(7.1) 
BMI  (kg.m-~  16.1  (2.3)  17.2 (3.0) 
Body fat by DXA (%)  19.2 (7.4)  27.6 (8.9) 
To assess their baseline adrenocortical function, the children were asked to use a 
home-testing kit to collect salivary cortisol at five time points (see Appendix B) - on 
awakening, 30 minutes later, 12.30pm (prior to lunch), 3.30pm and 6.30pm (prior to 
evening meal) - on a restful day (usually a weekend or holiday) when the children 
were taking no part in activities. On a different day, the children attended a clinical 
research facility for the TSST-C (see Figure 23 for timing and duration of the protocol) 
which was timed to occur in the afternoon (1.30 - 2.30pm) when diurnal secretion of 
cortisol is levelling out. Lunch times were arranged to be at least I1h hours prior to the 
test to avoid postprandial effects on cortisol. During their visit, a dual energy X-ray 
absorptiometry (DXA) scan was performed to measure body composition. Parents 
157 Table 9. Normalised regression coefficients showing how salivary cortisol measures in 
children relate to their postnatal weight gain and their mothers' body composition, smoking 
history, and diet in pregnancy. 
Boys (N = 68)  Girls (N = 72) 
Morning cortisol  Clinic - Home  Morning cortisol  Clinic- Home 
Maternal Characteristics in Pregnancy 
Height  .08  .09  -.18  .07 
BMI  .16  -.18  .05  .09 
TSF  .11  -.13  .01  .05 
Smoking  .24  -.01  .28*  -.19 
Maternal Diet in Late Gestation 
Kilocalories  -.29*  .07  -.05  .03 
Fat  -.36**  .02  .05  -.00 
Protein  -.23  .08  -.00  .13 
Carbohydrate  -.20  .07  -.15  .01 
Folate  -.31*  .05  -.04  -.04 
Postnatal Weight Gain 
0-11 months  .02  -.08  -.08  -.09 
1 - 8 years  .09  .21  .18  -.11 
TSF, Triceps skin fold thickness. Smoking was assessed as a binary variable which was 
positive if the mother smoked at any time during pregnancy. Maternal diet was assessed by 
food frequency questionnaire at 33 weeks of gestation (median time). *P < .05. **P < .01 . 
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164 There are also some notable differences between the clinic cortisol profiles seen in my 
study and those from previous studies
31
4,460-462 of similar age groups. Post-stress peaks 
appear slightly less marked than those in previously published figures (although there 
are no previously published profiles split by sex). However, in these preceding 
publications, cortisol profiles have been plotted as mean values rather than median or 
log transformed values (Figure 24 shows geometric mean values). Given the well-
known and marked right-skew that is generally seen in salivary cortisol data, this form 
of presentation may well have been inappropriate and likely to have been misleading 
as a small number of subjects with high values would have had the most influence on 
the mean cortisol profiles. It  is also worth noting that there is very little published data 
on the TSST-C in young children of a similar age to those in my study. Indeed, the 
number of subjects in my study approaches an order of magnitude greater than any 
previously studied group and may be more representative as a result. Therefore, it is 
difficult to draw strong conclusions from comparisons with the previous studies. To my 
knowledge, only one other research group (Trier, Germany) has published data on the 
TSST-C in 8-year-old children. The other notable difference between my data and 
theirs is the marked anticipatory effect seen in my data which is absent in theirs. It  is 
possible that this represents a difference in approach to the study. It was not 
considered ethical by my peers in the UK to confront the children with the TSST-C 
without forewarning them that they would be taking part in a challenge and without 
giving them some idea of the nature of that challenge (storytelling and mental 
arithmetic). Descriptions of the protocol used in Trier suggest that the children in 
Germany were much less aware of the nature of the TSST-C until they were asked to 
perform it and this may account for the absence of any anticipatory effect seen in their 
data. 
166 In a further analysis, I examined the possibility that the associations between size at 
birth and measures of HPAA function in childhood might be explained by maternal 
factors such as body composition, smoking, or diet during pregnancy (Table 9). This 
analysis revealed two significant findings which are, to my knowledge, entirely novel. 
Namely, that maternal smoking during pregnancy was found to predict a higher 
morning peak cortisol in the children regardless of their sex and that increased 
maternal dietary consumption of macro  nutrients and folate during late gestation was 
found to predict a lower morning peak cortisol in the children. In both cases, these 
findings were independent of measures of size at birth and therefore do not further 
understanding of the primary findings of this study other than through exclusion of 
possible explanations. Although these findings are potentially of great interest and are 
robust to potential confounders such as maternal social class and education, they 
represent a preliminary and post-hoc analysis that does not directly address the 
primary hypothesis of this thesis which is focused on prenatal growth. In view of this, a 
more in-depth analysis of these findings is required, together with confirmation from 
similar studies, before prudent discussion of their implications is possible. 
This study suggests that processes occurring during fetal life, resulting in smaller 
newborns, have a lasting effect on adrenocortical responses to stress in boys and on 
basal adrenocortical activity in girls. Given the known associations between small 
alterations in adrenocortical activity and features of the metabolic syndrome such as 
raised blood pressure and glucose intolerance, these effects warrant further 
investigation of their potential impact on the future health of pre-pubertal children. 
168 strain,l88 and the buffering effect of social networks all modulate this association.l89 This 
suggests that the cardiovascular control mechanisms which participate in the stress 
response of an individual are affected by both life course experiences and parental 
cardiovascular status; the latter reflecting genetic influences or non-genomic 
mechanisms, such as the influence of maternal hypertension on fetal development. 
Therefore, studies in children may have an advantage over those in older subjects, as 
they are less likely to be affected by life-course experiences and the development of 
overt, non-congenital cardiovascular disease. 
There is now considerable evidence from animal studies demonstrating sex-specific 
programming of the neuroendocrine systems which are activated during stress and 
which influence cardiovascular function. These systems include the HPAA  447 and the 
ANS. In Chapter 3, I have described my findings that small size at birth predicts 
greater sympathetic activation, parasympathetic withdrawal and reduced baroreflex 
sensitivity during stress in young adult women but not men, suggesting that sex has an 
effect on these associations. These findings are supported by animal studies
2li1
,298 which 
show stronger associations between an adverse prenatal environment and increased 
sympathetic activation during stress in females compared to males. 
This study was designed to examine the influence of prenatal growth on sympathetic 
cardiac activation and peripheral vascular function at rest and during psychosocial 
stress. This was carried out in healthy children and analysed in a sex-specific manner 
for the reasons described above. 
170 5.1  Methods 
I recruited healthy children (68 boys and 72 girls, aged 7 - 9 years - see Appendix B for 
recruitment letters) who have been followed since 12 weeks of gestation, when their 
mothers took part in an earlier study of fetal growth in Southampton, UK.
451 In that 
study, the mothers were visited at home by trained research nurses in late gestation 
(median of 32.7 weeks) and asked about their menstrual history, smoking habits, family 
history of hypertension and alcohol use. Their height and triceps skin fold thickness 
were measured with standard techniques and their first recorded pregnancy weight was 
used to calculate their BMI. A food frequency questionnaire was administered which 
assessed the average frequency of consumption of 100 foods or food groups in the 
three months preceding the visit. The nutrient content
45
2-455 of a standard portion of each 
food
456 was multiplied by its frequency of consumption to calculate average daily 
nutrient intakes. At birth, the children's weight, length, head circumference and 
placental weight were measured with standard techniques and duration of gestation 
was estimated from menstrual history and ultrasound scan data using a standard 
algorithm.4S7 During a follow-up visit to the children's homes in late infancy (median 
age 11 months), their weight was measured again. Mother's social class (UK National 
Statistics Socio-Economic Classification) and the children's educational achievements 
in their national standardised assessment tests at age 7 were recorded during their 
follow-up visit. Table 7 shows the birth and current characteristics of the subjects by 
sex. 
The children attended a clinical research facility for the study and underwent DXA 
scans to measure body composition. Stress tests were carried out at the same time in 
the afternoon (for timing and duration of tasks, see Figure 23). To assess cardiovascular 
171 measures of growth. I transformed parameters to their z-score, providing normalized 
regression coefficients analogous to correlation coefficients. 
5.2  Results 
Table 10 shows the median values of the cardiovascular parameters before, during and 
following stress for boys and girls. In comparison to pre-stress levels, measures of 
arterial pressure and HR in both sexes increased during stress and declined post-stress. 
However, SAP did not fully return to pre-stress levels. In girls, HR and diastolic arterial 
pressure fell to lower levels than those pre-stress. Significant shortening of PEP, 
indicating increased sympathetic cardiac stimulation, was present during speech in 
both sexes and during the maths task in girls. LVET decreased significantly during the 
maths task in both sexes and increased post-stress in the girls. In both sexes, STR, an 
index inversely related to myocardial contractility, was lower during and post-stress 
with the exception of the maths task in the boys. In both sexes, SV and CO fell during 
stress whilst SVR increased. In boys only, these changes persisted post-stress. Finally, in 
both sexes, significantly shorter cOT was present during stress. This finding is consistent 
with recent evidence that the ANS, particularly the SNS, modulates QT interval in 
humans.
471 Thus, increased sympathetic myocardial activation is likely to be responsible 
for the shortening of cOT observed during stress. 
177 Table 11 outlines the relationships between the cardiovascular parameters and birth 
weight. In boys, lower birth weight was associated with higher arterial pressure and this 
association was strongest post-stress, 25 - 30 minutes after the onset of the stress test. 
The concurrent association between lower birth weight and greater SVR suggests an 
explanation for this. As this remained significant with SVRI as well, a confounding 
relationship between birth weight and current BSA is unlikely. Additionally, lower 
birth weight boys had a longer LVET which was significant pre- and post-stress. 
178 Table 10. Median (interquartile range) of cardiovascular variables prior to, during and following stress. 
Boys (N = 68)  Girls (N = 72) 
Pre-stress  Speech  Maths  Post-stress  Pre-stress  Speech  Maths  Post-stress 
HR (bpm)  101.9 (15.7)  104.7 (13.6)***  104.3 (17.3)***  99.0 (14.6)  108.3 (14.0)  112.1 (13.4)**  108.2 (14.3)  105.9 (13.0)* 
SAP (mmHg)  97.3 (13.7)  119.4 (15.9)***  118.1 (12.3)***  101.2 (13.9)**  100.9 (9.3)  124.9 (13.0)***  118.6 (19.2)***  102.0 (14.6)* 
MAP (mmHg)  72.1  (10.9)  88.4 (12.2)***  86.6 (11.2)***  72.8 (10.6)  75.2 (8.0)  93.3 (9.4)***  88.9 (11.6)***  75.0 (9.3) 
DAP (mmHg)  55.7 (9.0)  70.5 (9.3)***  67.8 (8.9)***  55.9 (8.8)  59.1  (7.0)  73.7 (8.8)***  69.8 (11.3)***  57.7 (8.1)* 
PEP (ms)  75.7 (10.9)  73.3 (9.6)***  74.4 (9.8)  74.8 (9.9)  73.4 (10.2)  69.0 (10.6)***  70.5 (11.7)**  72.0 (10.2) 
LVET (ms)  226.7 (26.7)  226.3 (20.3)  224.3 (26.0)*  227.9 (27.9)  224.8 (25.7)  218.2 (22.4)  220.8 (25.2)**  228.2 (21.1 )*** 
STR(%)  33.4 (5.0)  33.0 (4.5)**  33.6 (5.6)  33.3 (6.1)*  32.5 (7.9)  30.7 (7.2)***  31.4 (7.9)***  31.9 (6.8)*** 
SV(ml)  75.1  (24.9)  67.1  (24.2)***  63.9 (26.2)***  70.6 (25.5)*  64.9 (19.7)  61.8 (18.4)***  62.8 (17.5)***  66.1  (18.2) 
CO (I.min-1)  7.6 (2.3)  6.9 (1.9)***  6.9 (2.0)***  7.5 (2.0)***  7.0 (1.3)  6.8 (1.5)*  6.7 (1.4)***  7.0 (1.6) 
SVR (dyne.sec.cm-5)  713.4 (230.8)  938.1  (216.1)***  958.7 (284.4)***  753.6 (220.4)*  806.1  (223.4)  994.2 (256.7)***  985.2 (222.6)***  786.2 (189.7) 
SVRI (dyne.sec.m2.cm-5)  707.6 (229.2)  979.3 (252.1)***  984.7 (337.3)***  736.6 (251.6)*  833.4 (240.2)  1053.9 (340.7}***  1044.1  (281.6)***  832.0 (202.3) 
cQT (ms)  311.2 (29.7)  307.5 (26.4)***  308.4 (27.1)***  310.6 (27.9)  307.0 (25.6)  300.7 (22.9)***  303.1  (25.3)**  306.4 (23.8) 
HR, heart rate; SAp, systolic arterial pressure; MAp, mean arterial pressure; DAP, diastolic arterial pressure; PEp, pre-ejection period; LVET, left ventricular ejection 
time; STR, systolic time ratio (PEP: LVEl); Sv, stroke volume; CO, cardiac output; SVR, systemic vascular resistance; SVRI, systemic vascular resistance index 
(normalised by body surface area); cQT, corrected QT interval. Subjects were standing during all four periods and watching a restful video pre- & post-stress. P-values 
refer to paired comparisons with the pre-stress rest period using Wilcoxon matched-pairs signed-ranks tests. *P < .05. **P < .01. ***P < .001. Table 11. Normalised regression coefficients 
relating birth weight to cardiovascular variables prior to, during and following stress. 
Boys (N = 68)  Girls (N = 72) 
Pre-stress  Speech  Maths  Post-stress  Pre-stress  Speech  Maths  Post-stress 
HR  .20  -.06  .13  .28  -.06  -.18  -.20  -.16 
SAP  -.44*  -.33  -.34  -.59**  -.01  -.06  .14  .19 
MAP  -.37  -.29  -.38  -.62**  -.08  -.02  .13  .08 
DAP  -.32  -.27  -.36  -.57**  -.04  .00  .19  .11 
PEP  .07  .10  .09  .05  .51**  .51**  .53**  .47* 
LVET  -.41*  -.11  -.27  -.46*  -.08  .14  .23  .13 
STR  .30  .17  .28  .33  .50*  .45*  .37  .33 
SV  .00  .09  -.06  .04  -.08  .07  .13  .08 
CO  .13  .07  .00  .21  -.14  -.03  .04  .00 
SVR  -.30  -.26  -.25  -.47*  .09  .14  .01  .04 
SVRI  -.26  -.21  -.21  -.44*  .10  .16  .06  .07 
cQT  -.09  -.04  -.03  -.14  .37*  .42*  .45**  .44** 
HR, heart rate; SAp, systolic arterial pressure; MAp, mean arterial pressure; DAp, diastolic 
arterial pressure; PEp, pre-ejection period; LVET, left ventricular ejection time; STR, systolic 
time ratio (PEP: LVEl); SV, stroke volume; CO, cardiac output; SVR, systemic vascular 
resistance; SVRI, systemic vascular resistance index (normalised by body surface area); cQT, 
corrected QT interval. Subjects were standing during all four periods and watching a restful 
video pre- & post-stress. *P < .05. **P < .01. 
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Figure 26. Mean z-scores (SEM) of key cardiovascular parameters grouped by birth weight 
in boys and girls. HR, heart rate; SAp, systolic arterial pressure; PEp,  pre-ejection period; 
LVET,  left ventricular ejection time; SVR, systemic vascular resistance; caT, corrected aT 
interval. Data are shown for PEP and caT during the maths task and during the post-stress 
period for the other parameters. 
181 haemodynamic change and PEP as the best descriptor of underlying sympathetic drive. 
As size at birth in the boys related best to MAP and SVRI in the post-stress period and 
to PEP in girls regardless of which period was used, I chose the post-stress period for 
this secondary analysis. Table 12 show the results of this analysis. Although maternal 
body composition was not associated with cardiovascular parameters in the girls, boys 
born to short, thin (indicated by low triceps skin fold thickness and low BMI) mothers 
had higher SVR and lower CO in the post-stress period. By contrast, in girls, but not 
boys, maternal smoking during pregnancy was associated with higher CO with a trend 
towards lower SVR (P = .06). With regard to maternal diet in late gestation, low 
consumption of protein and folate was associated with increased sympathetic activity 
(a positive correlation with PEP) in the boys but not the girls. Increased consumption 
of carbohydrate was associated with greater MAP in the girls but not the boys. Finally, 
both sexes showed a similar pattern of associations between cardiovascular function 
and measures of postnatal growth but these were stronger in the boys. Greater weight 
gain in infancy was associated with higher SV and CO, and lower MAP and SVRI in 
the post-stress period. Although post-infancy weight gain continued to be associated 
with higher SV and CO, the associations with MAP and SVRI reversed in direction. 
Finally post-infancy weight gain was associated with higher PEP (indicating reduced 
cardiac sympathetic activation) in the boys, but not the girls. In further mUltiple 
regression analyses, all of these associations were independent of birth weight, 
maternal social class and maternal education. 
183 Table 12. Normalised regression coefficients showing how cardiovascular function of 
children following stress relates to their postnatal weight gain and their mothers' body 
composition, smoking history, and diet in pregnancy. 
Boys (N = 68)  Girls (N = 72) 
MAP  SVRI  SV  CO  PEP  MAP  SVRI  SV  CO  PEP 
Maternal Characteristics in Pregnancy 
Height  -.06  -.16  .27*  .27*  .16  .02  .05  .01  -.00  .04 
BMI  -.16  -.32*  .15  .23  -.17  -.01  -.05  -.08  -.05  .14 
TSF  -.27  -.42**  .24  .32*  -.12  .07  .15  -.19  -.17  .25 
Smoking  -.05  .04  -.09  -.09  -.04  -.13  -.23  .17  .26*  -.11 
Maternal Diet in Late Gestation 
Kilocalories  .02  -.00  .10  .05  .19  .19  .08  .03  .03  -.01 
Fat  .13  .08  .09  .00  .15  .05  -.01  .04  .02  -.02 
Protein  .02  -.05  .17  .12  .29*  .19  .18  -.05  -.08  .01 
Carbohydrate  -.05  -.05  .09  .07  .22  .27*  .11  .05  .06  .01 
Folate  .04  .03  .04  -.00  .29*  .16  .16  -.07  -.09  .06 
Postnatal Weight Gain 
0-11 months  -.29*  -.35*  .43***  .38**  .04  -.11  -.15  .29*  .26*  .04 
1 - 8 years  .36*  .33  .32*  .29  .38~  .25*  .28*  .26*  .28*  .13 
MAp, mean arterial pressure; SVRI, systemic vascular resistance index (normalised by body 
surface area); SV, stroke volume; CO, cardiac output; PEP, pre-ejection period. *P < .05. 
**P < .01. ***P < .001 
184 5.3  Discussion 
In this study, I present the first evidence in children of relationships between size at 
birth and later cardiovascular function. The sex-specific patterns of these relationships 
were striking. As highlighted in Figure 26 and Table 11, boys who had a lower birth 
weight demonstrated higher blood pressure and SVR whilst girls who had a lower birth 
weight had shorter PEP and cQT. As these associations were seen with measures of 
size at birth adjusted for gestational age, these findings are due to differences in fetal 
growth and not untimely birth. 
I recruited normal healthy children from a community-based cohort study of mothers 
and their children. The anthropometric measurements and assessment of gestational 
age at birth (Table 7) were obtained using standardised techniques including the use of 
ultrasound confirmation of gestational age in early pregnancy. I used an established 
stress test that has been validated for use in children314 which recreates a stressful 
environment similar to the moderate stressors that most adults and children 
experience in day-to-day living. Unlike many milder stressors, the TSST-C reliably 
activates the HPAA, which modulates the actions of the SNS.461 Therefore, in this 
context, a more complete picture of cardiovascular function during stress can be 
obtained. Great care was taken to maintain the accuracy of the cardiac parameters, in 
particular by accurate placement of thoracic impedance electrodes, which could 
significantly affect estimation of SV and the use of measures to reduce the influence of 
motion on estimation of blood pressure. 
185 A potential weakness of this study is reliance upon impedance cardiography to derive 
measures of Sv, CO and SVR. Whilst this has been a source of controversy, a meta-
analysis of 154 published comparisons between impedance cardiography and reference 
measures of CO concluded that it is sufficiently accurate, particularly in healthy 
subjects, for use in research.
379 Indeed, in healthy children, impedance cardiography 
compares well to the indirect Fick method for assessment of C0472 and yields 
repeatable and consistent measures of reactions to a range of mental and physical 
stressors.473 Although, my measures of SV and CO were somewhat higher than those 
from a study of seated children experiencing mild stressors,473 this may be because the 
subjects in my study were standing and experiencing greater stress. Furthermore, 
although they are supported by these impedance-derived measures, my findings are not 
reliant upon them and impedance cardiography remains an accurate method for timing 
of events in the cardiac cycle.
380 
Table 10 shows that the TSST-C resulted in marked responses of all the cardiovascular 
parameters that I measured, in both sexes. Blood pressure increased with a mean 
increment of 24 mmHg in the girls and 19 mmHg in the boys accompanied by 
simultaneous increases in HR. Data from the impedance cardiograph shows that SVR 
also increased, generating the blood pressure increments, whilst SV and CO fell. At the 
same time, STR decreased, suggesting greater myocardial contractility whilst PEP and 
cQT fell, indicating that greater sympathetic cardiac stimulation is responsible for this. 
Unlike previous studies using milder psychological stressors in children, I did not see a 
dramatic ~-adrenergic response to the stress tasks, as indicated by modest changes in 
HR and PEP. For example, a previous study in pre-pubertal children of the same age
l7B 
showed a 5.6% increase of CO with a modest 3.6% increase of SVR in response to a 
reaction time task, a 3% increase of CO with an 8.4% increase of SVR in response to a 
186 mirror-tracing task, and a 1.3% fall of CO with an 18.2% increase of SVR in response 
to a cold pressor test. The pattern of responses to the TSST-C in my study is even more 
biased towards vascular response with greatest similarity to the cold pressor test from 
that study, which also showed a fall of CO during stress. Boys showed an 8.8% fall of 
CO and a 29% increase of SVR, whilst girls showed a 4.1 % fall of CO and a 24% 
increase of SVR. Therefore, my data adds to this emerging story of a high degree of 
specificity of cardiovascular responses to the nature of the stressor. 
This study also adds to growing evidence of major sex differences in the relationships 
between reduced fetal growth and physiological alterations that may predispose to 
cardiovascular disease. The pattern of shortened PEP and cQT seen in girls who were 
smaller at birth is consistent with up-regUlation of  ~-adrenergic sympathetic cardiac 
activation at rest and during stress. Chapter 3 describes my finding that young women 
who were small at birth not only had greater sympathetic activation, but also enhanced 
blood pressure responses, greater parasympathetic withdrawal and reduced baroreflex 
sensitivity during stress. The common finding of these studies, therefore, is an 
association in females between small birth size and greater sympathetic cardiac 
stimulation. However, these studies differed in that birth weight was also associated 
with blood pressure in the women but not in girls. A possible explanation for this may 
be that lower birth weight females have enhanced sympathetic activity from a young 
age but that abnormal baroreflex function leading to exaggerated blood pressure 
responses to stress takes time to develop. Longitudinal studies of a single cohort into 
adulthood would be required to establish this but, given the known associations 
between blood pressure reactivity and hypertension,l8l such sympathetic hyperactivity 
may be an important mediator of the known associations between small size at birth 
and hypertension in females. 
187 In contrast to the girls, boys who were smaller at birth had higher arterial pressures, 
particularly following the stress test. However, like the girls, they did not have 
significantly different HR, SV or Co. Therefore, the finding of greater SVR in the boys 
who were smaller at birth suggests that their greater arterial pressures were generated 
by peripheral vascular constriction rather than increased CO. These patterns suggest 
that boys who were smaller at birth have a predominantly a-adrenergic, vascular (as 
opposed to myocardial) response to stress. Given that a predominance of vascular 
rather than myocardial activity is associated with early hypertension,474 this suggests a 
potential mechanism by which they may develop hypertension. There is evidence that a 
predominantly vascular response to stress is linked with prolongation of the response. 
This is consistent with my findings in boys (Table 11) which were most marked during 
the post-stress period. A possible explanation for this may be enhanced adrenocortical 
activity in the boys. In Chapter 4, I showed that boys, but not girls, who were small at 
birth had greater cortisol responses to stress coincident with the post-stress period. 
An additional finding was that boys who were smaller at birth showed longer LVET. 
There is evidence from a study of men475 that LVET is inversely related to arterial 
stiffness, as measured by pulse-wave velocity. Therefore, one possible explanation of 
this finding is that arterial stiffness is greater in the boys who were smaller at birth. This 
is consistent with studies showing that poor arterial distensibility, assessed by the 
augmentation index, is associated with low birth weight in children476 and may be one 
of the ways in which low birth weight leads to hypertension in later life.477 
In further analysis, I examined the possibility that the associations between size at birth 
and cardiovascular or autonomic function in childhood might be explained by maternal 
factors such as body composition, smoking, or diet during pregnancy (Table 12). 
188 studies which are better designed and better powered to address the effect of diet in 
pregnancy on cardiovascular function in boys and girls. 
In contrast to the associations seen with maternal characteristics, the associations 
between cardiovascular function and markers of postnatal growth were stronger and 
similar in both sexes. Greater weight gain in infancy was associated with higher SV and 
CO, and lower MAP and SVRI in the post-stress period. In the first year of life, it is 
likely that this weight gain represents the predominant accumulation of non-adipose 
tissue (the maximum BMI of the children at this age was 22 which is likely to be 
normal although there are no reference data for this age). As this would include 
myocardial growth, it is tempting to speculate that the higher SV and CO may be a 
result of the development of larger, more powerful hearts which may account for the 
more beneficial phenotype of a greater reliance on CO and a lesser reliance on SVR to 
generate the blood pressure response to stress. This idea is supported by the lack of 
evidence of greater myocardial sympathetic stimulation (PEP) to account for the 
greater Sv. However, such speculation is highly tentative and would require 
echocardiographic confirmation in future studies. 
Of particular interest is that whilst post-infancy weight gain continued to be associated 
with higher SV and CO, the associations with MAP and SVRI reversed in direction. By 
the age of 8, nearly 12 % of the children had a BMI above the 95
th percentile suggesting 
that post-infancy growth involves the accumulation of both adipose and lean tissue. 
Therefore, the development of obesity might account for greater SVRI and MAP seen 
in the boys with greater weight gain over this period. These findings on postnatal 
growth fit well with existing data. For example, a study of over 300 children aged 10 -
12 years in Kingston, Jamaica showed that both reduced birth weight and increased 
190 weight gain in late childhood predicted higher blood pressure status in later 
childhood.
478 Furthermore, this effect was greatest in those children whose growth in 
the first two years of life was poor. Such findings are not limited to risk factors for 
cardiovascular disease. A study of over 2000 men born in Helsinki, Finland in the 
decade following 1934 found that poor weight gain in the first year of life was strongly 
predictive of increased cardiovascular disease in adulthood and that this effect was 
stronger than, and independent of, an additional effect of birth weight.
8l A subsequent 
study of both men and women from the same cohort confirmed that poor weight gain 
in infancy was predictive of cardiovascular disease in adulthood but also that 
individuals that grew poorly in infancy and then gained weight in later childhood had 
the greatest risk of cardiovascular disease.
78 Therefore, my findings suggest a possible 
underlying mechanism for these epidemiological observations related to the relative 
emphasis of vascular over cardiac reactivity for generation of the blood pressure 
response to stress. This potential mechanism should be examined in more detail in 
prospective studies with more detailed postnatal growth data in the future. 
In summary, I have shown for the first time that there are marked sex differences in the 
way that smaller size at birth is associated with alterations in autonomic and 
cardiovascular physiology in childhood. Although these associations differ between 
sexes, they suggest potential mechanisms by which smaller size at birth may lead to 
abnormal cardiovascular function in both sexes. Preliminary data on postnatal growth 
and maternal characteristics suggest that the developmental programming of 
cardiovascular function is complex with a multitude of potential mechanisms acting 
independently at different stages of early life. 
191 first place. To address this, I implemented a range of highly advanced signal processing 
algorithms which are not often used outside of the research laboratories in which they 
were developed. This dramatically cut down the degree of user intervention required 
for processing very large quantities of time series data in a highly reliable manner. As a 
result, the studies presented in this thesis have a significant advantage over many other 
studies because the continuous data allow more precise estimates (through averaging 
of multiple sequential measures) of cardiovascular and autonomic variables than 
would be possible with intermittent measurements. 
Reliability is improved too, as peak responses to stress are often variable in their 
timing relative to the stressor and therefore studies using intermittent measures may 
be unable to collect appropriately timed measurements for all subjects, leading to 
sampling errors. For example, in addition to the continuous blood pressure measures 
that I collected in my study of children's cardiovascular function (Chapter 5), I also 
collected single measures of blood pressure at rest and following the TSST-C, using a 
standard oscillometric device. The overwhelming majority of studies thus far have 
relied entirely upon such devices to study programming of blood pressure using similar 
protocols and yet, despite strong associations between measures of fetal growth and 
the continuous blood pressure measures in my study, there were no associations with 
the single oscillometric measures (data not shown). Thus, rather than addressing the 
high level of random variability seen in cardiovascular variables by examining very 
large populations, studies might address the same questions in smaller groups of 
subjects through the use of more precise techniques. By combining a range of outcome 
measures such as salivary cortisol, HR, blood pressure and markers of ANS function, 
the studies in this thesis also provide a more holistic picture of these intimately 
enmeshed systems. Indeed, I would suggest that the patterns of associations between 
193 markers of size at birth and these multiple outcome variables have been more 
revealing, in terms of understanding underlying physiology, than any single result 
would have been. 
There is strong evidence in this thesis that developmental programming of both 
cardiovascular and endocrine outcomes differs by sex. I carried out a sex-specific 
analysis because there is a large body of evidence from animal studies which supports 
the existence of such sex differences. However, I find it surprising that despite this 
evidence, many studies of developmental programming in animals and humans 
continue to be carried out in a single sex group or to make no distinction between the 
sexes. In some animals, there may be practical reasons why one sex or the other is 
under-studied. For example, where female animals are used for breeding or where male 
animals are difficult to control. Humans of both sexes are arguably equally amenable 
to study, however, and the results of this thesis suggest that greater consideration to 
this approach should be given in the future. 
Taken together, the results in this thesis suggest a novel hypothesis with regard to sex-
specific programming of hypertension. The findings in the girls and the young women 
in two different study groups support the idea that reduced fetal growth results in 
hyperactive SNS function from an early age that continues into adulthood. Whilst the 
girls did not demonstrate associations with blood pressure, these were present in the 
young women. In addition, the young women also showed reduced baroreflex 
sensitivity which resulted in greater blood pressure responses to stress. Such stress 
responsivity is increasingly being shown to influence risk of development of 
hypertension. Therefore, I would postulate that in early life, female humans who are 
small at birth have a hyperactive SNS, particularly during stress and possibly abnormal 
194 hypertension in adulthood may exist due to separate, sex-specific programming 
mechanisms. Future studies should address this possibility. 
Another interesting observation was that measures of cardiovascular or endocrine 
function in the low birth weight group of one sex were similar to the values of the 
other sex whilst those measures in the high birth weight group were attenuated. For 
example, in the study of adults, blood pressure profiles in response to stress were 
similar in men and low birth weight women whilst higher birth weight women showed 
attenuated blood pressure responses. In the study of children's HPAA function, 
cortisol profiles in response to stress were similar in girls and low birth weight boys 
whilst being relatively lower in the high birth weight boys. These observations may 
have no significance but they question the traditional interpretation that is given to 
associations with birth weight in programming studies. In general, the assumption is 
that reduced fetal growth is detrimental and leads to abnormal physiology which 
eventually leads to the development of disease. I would postulate that it may be the 
case that reduced fetal growth represents a situation of adversity that leads the 
developing fetus to adopt a physiology that is more similar to that of the opposite sex. 
Thus, it may be the physiology of the higher birth weight group of a given sex which 
differs from the remainder and this disparity may represent the development of 
beneficial physiology that is sacrificed in conditions of fetal adversity. Of course, this is 
speculative but may deserve consideration in future studies. 
In section 1.1.4, I have discussed the relative advantages and disadvantages of using 
size at birth as an indirect measure of the effect of the maternal and fetal environments 
on fetal growth. Clearly, measures of size at birth are non-specific and non-sensitive 
markers of a variety of potential influences on fetal growth. Despite this, I would argue 
197 that they remain a useful broad indicator of processes occurring in prenatal life. I have 
carried out preliminary analyses of additional prenatal measures which were available 
in my children's study. These produced evidence that both cardiovascular and 
endocrine outcomes may also be programmed by other factors such as maternal body 
composition, smoking habits and diet in pregnancy. However, it was particularly 
interesting that these findings were entirely independent of the associations with size at 
birth. In section 1.1.4, I discussed a study of sheep where a specific maternal dietary 
intervention was made in late gestation on the presumption that this would produce 
both a reduction in birth weight and alterations in outcome measures such as blood 
pressure and glucose tolerance in the adult offspring.
7°Whilst a reduction in birth 
weight was observed to result from the dietary intervention, the authors expressed 
surprise that birth weight, independently of whether the offspring were from ewes who 
experienced restriction of their diet in pregnancy, was the strongest predictor of 
outcome measures. 
There have been calls to abandon measures of size at birth entirely in studies of 
programming but the above example and my results argue for caution in this regard. 
Clearly there are many possible processes which may result in alterations of size at 
birth and I would suggest that understanding of these processes is not sufficiently 
advanced to replace size at birth entirely. Until there exists a comprehensive battery of 
measures that can be carried out throughout pregnancy that explain all of the 
associations between size at birth and the outcome variables, size at birth should 
continue to be examined. A picture might then emerge of which factors explain the 
well-known associations between birth weight and adult disease and which are 
describing additional processes. In the future, I intend to extend my preliminary 
analyses of my data to address the influence of maternal diet and body composition on 
198 cardiovascular and endocrine outcomes. However, the size of my study may be a 
limiting factor and future studies are therefore likely to be needed. 
The data on postnatal growth and cardiovascular function in boys was particularly 
interesting. This supports existing observations that poor weight gain in infant life and 
excess weight gain following infancy are associated with outcomes such as high blood 
pressure and cardiovascular disease.
7
8,8),478 Although my postnatal growth data is sparse, 
my results suggest that differences in SV, CO and SVR may account for these 
observations. In the future, I would like to take this further by examining specific 
markers of endothelial function (such as pulse transit time), myocardial function and 
myocardial growth (using echo  cardiography or magnetic resonance imaging) in 
children to see how these differ with differing prenatal and postnatal growth 
trajectories. 
The data presented in this thesis are novel and need confirmation. I have begun two 
major collaborations with colleagues in Finland and Holland to address this. I am 
working on data from over 700 adults born during World War II when mothers living in 
Holland endured a period of starvation. The adult offspring of these mothers took part 
in a repeat of the protocol described in Chapter 3 and therefore provide an 
opportunity to confirm the findings of my study in older adults. In Helsinki, colleagues 
are just beginning a repeat of my children's protocol in a similar age group 
(approximately 1 year younger) which closely follows the same methodology. 
199 I have demonstrated that quite substantial differences may exist in the stress response 
physiology of apparently healthy, normal children according to their prenatal growth 
characteristics. This raises the question of whether this matters in terms of their future 
health. Existing cohort studies already suggest that exaggerated cardiovascular 
responses to stress are predictive of poor cardiovascular health in later life.
181
,304 In one 
of these studies, 304 'white coat' hypertension was strongly predictive of cardiovascular 
mortality. However, these studies only followed individuals from young adulthood. 
There is also evidence from a study of 12-year-old children that 'white coat' 
hypertension is associated with higher 24-hour urinary cortisol and endothelin 
concentrations, supporting the idea that children who are hyper-responsive to stress 
may also be susceptible to the development of hypertension.
479 Interestingly, this 
finding was limited to boys and not girls which is compatible with my findings. 
Ultimately, the data remains too sparse to definitively address the clinical relevance of 
my findings in children but future long-term cohort studies which follow people from 
birth to adulthood may do so. If  they reveal, as the existing data suggest, that our 
cardiovascular health is substantively determined by processes occurring in childhood, 
this could have major implications for public health strategies and the delivery of 
healthcare. Healthcare providers might seek to optimise maternal and fetal health by 
providing evidence, for example, on the effects of maternal obesity, smoking and diet 
during pregnancy. The measures used in my studies of children might become 
important in clinical trials by helping to identify groups at greater risk of adult disease. 
The current medical mindset is limited to treatment of existing disease with a general 
reluctance to intervene in the health of apparently 'normal' individuals. This thesis 
suggests that cardiovascular disease in adulthood may come about, at least in part, 
200 through the long-term detrimental effects of maladapted stress response systems 
beginning in early childhood. 
The logical conclusion of this and future work may be a shift in the current medical 
mindset whereby physicians, and in particular, child health professionals seek to 
identify at risk individuals and perhaps even look to develop pharmacological 
interventions to reduce their risk. Physiological studies in higher mammals (primates) 
need to be carried out, together with further epidemiological investigations in humans, 
before this is a realistic proposition and the potential political and fiscal implications 
will present a major challenge. Eventually, however, the development of novel 
investigations and treatments for cardiovascular health in children might lead to a 
more preventative role for paediatric cardiologists, paediatricians, general practitioners, 
and other healthcare professionals who look after children. 
Should medicine move towards this vision of future healthcare delivery? The growing 
incidence of cardiovascular disease is one of the primary global health concerns and 
there is an alarming trend towards onset of its risk factors, such as obesity, smoking, 
diabetes and high blood pressure even in childhood. It is becoming apparent that a 
reduction in this global trend towards ill-health may not be possible without a greater 
emphasis on the health of children. This will require more research in children, an 
awareness that children's health extends beyond childhood and the willingness to 
develop investigations and treatments for children. If  we do not take these possibilities 
seriously, we may be doing future generations a great disservice. 
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